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ABSTRACT 
The  neurological  aspects of the  eye  movement  control  system  are 
investigated  using  experimental  and  analytical  techniques.  Specifically, 
it  is  maintained  that  the  basic  difference  between  version  and  vergence 
rests  with  the  intermittency  operator  and  the  discrete  control of version. 
Control  system  analytical  evidence  supports  a  central  processor  location 
for  the  intermittency  operator  as  opposed  to  a  motor  or  sensory  one. 
Neuroanatomical  and  physiological  evidence  also  supports  a  central  processor 
locus  for  the  intermittency  operator.  Possible  loci  hypothesized  are  the 
accessory  vestibular  nuclei  or  contiguous  pontine  areas. 
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SUMMARY 
With  the  use of experimental  and  analytic  techniques of control  theory, 
the  neurological  mechanisms  controlling  eye  position  are  investigated.  It  is 
concluded  that  the  eye  movement  control  system  deals  with  a  number of require- 
ments  by  acting  as  a  hybrid  system.  Complex  tasks  requiring  much  planning  use 
"higher  level"  paths  controlled  in  a  discrete  manner,  while  "lower  level" 
tasks  are  controlled in  a  continuous  fashion. 
This  report  covers  several  important  aspects  of  the  eye  movement  con- 
trol  system.  Among  them  are  the  comparative  properties  of  the  vergence  and 
version  systems;  the  evidence  pertaining  to  intermittency;  and  the  neurological 
pathways  involved  in  eye  movements  as  well  as  anatomical  possibilities  for  the 
locus of an  intermittency  operator.  There  are,  however,  other  significant 
aspects of this  servomechanism  which  still  remain  to  be  investigated. 
It is  maintained  that  the  basic  difference  between  version  and  vergence 
rests  with  the  intermittency  operator  and  the  discrete  control of version. 
Control  system  analytic  evidence  supports  a  central  processor  locus  for  the 
intermittency  operator  as  oppossed  to  a  motor  or  sensory  one.  Neuroanatomical 
and  physiological  evidence  also  supports  a  central  processor  locus  for  the 
intermittency  operator.  Possible  loci  hypothesized  are  the  accessory  vesti- 
bular  nuclei  or  contiguous  pontine  areas. 
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INTRODUCTION 
The eye movement system i s  a c lass ical  type of  servomechanism,  exhibi t ing 
many o f  t h e  c h a r a c t e r i s t i c s  common t o  b o t h  b i o l o g i c a l  and mechanical control 
s y s t e m s .  T h i s  r e p o r t  r e p r e s e n t s  t h e  c o n t i n u i n g  e f f o r t  t o  u s e  t h e  e x p e r i m e n t a l  
and ana ly t i c  t echn iques  o f  con t ro l  t heo ry  to  expose  and e x p l a i n  t h e  u n d e r l y i n g  
n e u r o l o g i c a l  mechanisms  which   cont ro l   eye   pos i t ion .   In   addi t ion ,   those   charac-  
terist ics o f  eye  pos i t i on  con t ro l  wh ich  may have bear ing on the design of  
complex mechanical servomechanisms are considered.  
The mul t i - i npu t  adap t ive  con t ro l  sys t em which  d i r ec t s  t he  eyes  may be 
introduced by a s imple  ana logy  to  the  cont ro l  sys tem for  a r a d a r  t r a c k i n g  
u n i t .  The inpu t  i s  the   ang le   o f   t he   t a rge t  and t h e  o u t p u t  i s  the   angle   o f  
t h e  o p t i c  a x i s .  The t a s k  i s  t o  p o i n t  t h e  r a d a r  ( l i n e  o f  s i g h t )  a t  t h e  t a r g e t  
una f fec t ed  by d i s t u r b a n c e s .  The a c q u i r i n g  o f  t h e  t a r g e t  i s  accomplished  by a 
f a s t - s low rate  on a radar  system and  by t h e  r a p i d  s a c c a d i c  jumps o f  t he  eye .  
The t r a c k i n g  i s  through a ve loc i ty  feedback  loop  in  both  cases, l e a d i n g  t o  t h e  
smooth pu r su i t   eye  movements.  Evidence  from  eye  tracking  records  shows  that 
these  s tages  use  d iscre te  sampled  da ta  cont ro l  ana logous  to  d ig i ta l  computer  
c o n t r o l  o f  t h e  r a d a r .  When t h e  i n p u t  i s  p r e d i c t a b l e  t h i s  i n f o r m a t i o n  i s  used 
by t h e  e y e  t o  l o c k  o n  t o  t h e  t a r g e t  and  overcome t h e  d e l a y s  i n h e r e n t  i n  t h e  
neuromuscular   sys tem.   Such   u t i l i za t ion   of   p red ic tab le   charac te r i s t ics   o f  
ta rge t   mot ion   can   be  programmed i n t o  a r a d a r  c o n t r o l l e r .  F i n a l l y ,  t h e  c o n -  
t r o l  s y s t e m s  must  be  ab le  to  main ta in  t racking  accuracy  despi te  d i s turbance  
fo rces  wh ich  t end  to  in t roduce  e r ro r s .  Wind gus t s  cons t i t u t e  one  o f  t he  most 
s e r ious  sou rces  o f  d i s tu rbance  on  a t r a c k i n g  r a d a r ,  w h i l e  movement of  the base 
on a ship  borne  system i s  a l s o  a n  i m p o r t a n t  c h a r a c t e r i s t i c .  The analogy t o  
the eye movement system i s  p r i m a r i l y  i n  terms o f  ma in ta in ing  f ixa t ion  on  a 
t a rge t  i n  the  p re sence  o f  head  and  body  motion.  This i s  accomplished  through 
compensatory  eye movements s t i m u l a t e d ,  a t  l e a s t  i n  p a r t ,  by t h e  v e s t i b u l a r  
system  which  senses  head  motion.  These  compensatory movements are a "lower 
leve l"  cont ro l  sys tem,  per forming  a less s o p h i s t i c a t e d  j o b  t h a n  t h e  
a c q u i s i t i o n  ( s a c c a d i c )  and t r ack ing  (pu r su i t )  subsys t ems ,  and appear   to   be  
c o n t r o l l e d  by a con t inuous  ana log  p rocess  r a the r  t han  the  d i sc re t e  d ig i t a l  
form. 
- o f  i n t e r e s t  and t r a c k  it  through i t s  mot ion;   whi le   remain ing   re la t ive ly  
I n  a d d i t i o n  t o  t h e  e y e  movements mentioned above, there are 
min ia tu re  movements and vergence movements. The min ia tu re  eye  movements 
c o n s i s t  o f  slow d r i f t s ,  r a p i d  c o r r e c t i v e  f l i c k s  and high frequency tremor,  
perhaps  ana logous  to  dr i f t ,  d i scre te  compensa t ion  wi th  a dead  zone,  and 
d i t h e r  i n  t h e  r a d a r  s y s t e m .  The vergence movements involve  motion  of   the 
two e y e s  i n  o p p o s i t e  d i r e c t i o n s  i n  o r d e r  t o  m a i n t a i n  b i n o c u l a r  f i x a t i o n ,  and 
provide a second major  task  for  the  overa l l  cont ro l  sys tem to  per form.  The 
vergence control  system w i l l  be shown t o  be  e s sen t i a l ly  con t inuous .  
To a n t i c i p a t e  t h e  r e s u l t s ,  w e  are l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  e y e  
movement cont ro l  sys tem i s  a b l e  t o  d e a l  w i t h  a number of requirements by 
a c t i n g  as a hybrid system. Those tasks which are complex  enough t o  r e q u i r e  
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much planning,  and use "higher  level"  paths  are c o n t r o l l e d  i n  a d i s c r e t e  
manner, whereas those which are " lower  leve l"  in  complexi ty  or  speed  requi re -  
ments are c o n t r o l l e d  i n  a cont inuous  fashion.  The i m p l i c a t i o n s  o f  t h i s  t e n t a -  
t i ve  conc lus ion  in  t e rms  o f  o the r  b io log ica l  sys t ems  and mechanizat ion for  
automatic  control  systems remain to  be explored.  
The main  body  of t h i s  r e p o r t  c o n s i s t s ' o f  t h r e e  m a j o r  s e c t i o n s .  I n  t h e  
f i r s t  s e c t i o n  t h e  v e r s i o n  ( e y e s  moving t o g e t h e r )  c o n t r o l  s y s t e m  c h a r a c t e r i s t i c s  
are compared wi th  the  vergence  (eyes  moving o p p o s i t e l y )  c h a r a c t e r i s t i c s  t o  
conc lude  tha t  t he  bas i c  d i f f e rence  be tween  them lies i n  t h e  i n t e r m i t t e n c y  
o p e r a t o r  and d i s c r e t e  c o n t r o l  o f  v e r s i o n .  The n e x t  s e c t i o n  e x a m i n e s  i n  d e t a i l  
t he  ev idence  pe r t a in ing  to  th i s  i n t e rmi t t ency  ope ra to r ,  ga the red  f rom a wide 
v a r i e t y  o f  t r a n s i e n t  r e s p o n s e  r e c o r d s  and frequency spectra ,  and  emphasizing 
the   power fu l   t echn ique   o f   u s ing   mu l t ip l e   i npu t s .   Var ious   poss ib i l i t i e s   fo r  
t h e  l o c a t i o n  o f  t h e  i n t e r m i t t e n c y  o p e r a t o r  are proposed,  and it i s  concluded 
tha t  t he  con t ro l  ev idence  p l aces  i t  i n  t h e  " c e n t r a l  p r o c e s s o r "  (CNS) r a t h e r  
t han  a t  t he   s enso r   ( r e t ina )   o r   mo to r   (musc le )   ends .  The f i n a l  s e c t i o n  t a k e s  
these  conc lus ions  and  a t t empt s  to  f ind  neuro log ica l  ev idence  fo r  t h i s  l oca t ion  
o f   t he   i n t e rmi t t ency   ope ra to r .  The neurological   pathways  f rom  var ious  inputs  
to  the eye muscles  are desc r ibed  and p o s s i b l e  si tes o f  t he  in t e rmi t t ency  
o p e r a t o r  are d i scussed .  
Th i s  r epor t  exp la ins  the  r e l a t ionsh ip  be tween  con t ro l  sys t em cha rac t e r -  
i s t i c s  and phys io log ica l  desc r ip t ions  fo r  s eve ra l  impor t an t  a spec t s  o f  t he  
eye movement cont ro l   sys tem.   S imi la r   inves t iga t ions   remain   to   be   done   for  
s e v e r a l  o t h e r  i n t e r e s t i n g  a s p e c t s  o f  t h i s  s e r v o m e c h a n i s m .  
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CHAPTER I 
INTERACTION BETWEEN VERGENCE AND VERSIONAL MOVEMENTS 
INTRODUCTION 
A t  least  two sys t ems   con t ro l   eyeba l l   pos i t i on  a t  any  instant.   These are 
t h e  v e r s i o n a l  and the   ve rgence   con t ro l  sys t ems .  The vers iona l   sys tem i s  t h a t  
which t races  a t a r g e t  moving i n  a p l a n e  p e r p e n d i c u l a r  t o  t h e  v i s u a l  a x i s ;  t h e  
vergence  sys tem cont ro ls  the  angle  of  ' the  b inocular  sys tem so t h a t  similar re- 
g ions   o f   t he   r e t ina   r ece ive  similar pos i t i ons   o f   t he   t a rge t  image. The i n t e r -  
ac t ion  o f  t hese  two systems has been an area of  concern as  s tudy of  eye move- 
ments  has  progressed. Are they   comple te ly   independent   o r   do   they   in te rac t  as 
e a c h  c o n t r i b u t e s  t o  t h e  s i n g l e  p o s i t i o n  o f  t h e  e y e b a l l ?  
There have been several  past  and r ecen t  approaches  to  th i s  ques t ion .  
Among them a r e  : 
a )   Ana lyses   on   t he   phys io log ica l   l eve l   t o   sugges t   t ha t   t he   ve rgence   sys -  
t e m  u s e s  o n l y  t h e  m e d i a l  r e c t u s  ( 2 1 ) ,  o n l y  t h e  m e d i a l  a n d  l a t e r a l  r e c t i  (l), 
only  a poor ly  de f ined  sma l l  f i be r  sys t em o f  the  med ia l  r ec tus ,  o r  f i na l ly  on ly  
a spec ia l ,  s low neura l  motor  sys tem,  occas iona l ly  ident i f ied  as a po r t ion  o f  
t h e  autonomic  nervous  system ( 3 ) ,  t h u s  evidencing a muscu la r  d i spa r i ty  o f  t he  
vergence  system. The evidence i s  n o t   e s p e c i a l l y   c l e a r ,   b u t  some behaviora l  
s t u d i e s  t o  be  mentioned i n  t h i s  r e p o r t  s u p p o r t  t h e  c o n c e p t  o f  t h i s  d i s p a r i t y .  
b)  Another set  of   experiments-- those  of   Muel ler ,  1826 (13), r e l a t i n g  t o  
the  t rans ien t  response  of  the  eye ,  have  a l so  s t imula ted  d iscuss ' ion  of  th i s  
problem. H i s  f indings  of   independence  of   the two systems  have  been  repeatedly 
conf i rmed  and  a re  r ev iewed  in  the  f i r s t  s ec t ion  o f  t h i s  r epor t .  
c)   Recent ly   the  cybernet ic   approach  applying  servo-analyt ic   concepts   to  
the  s tudy  of  eye  movements  adds yet  another  dimension to  the quest ion of  inter-  
ac t ion  o f  t he  two systems.  
It i s  known tha t  in te rac t ion  or  independence  of  the  two systems re la tes  t o  
the  judgement   o f   d i s tance ,   t a rge t   s ize ,   read ing   habi t s ,   and   fa t igue   o f   eye  
muscles.  A l l  o f   these   a re   o f   impor tance   in  human engineering  problems  of man- 
machine  systems.  This  report  i s  l imi t ed ,   however ,   t o  the p u r e l y   s c i e n t i f i c  
problems of  the var ious propert ies  of  these two systems,  and t h e i r  manner of  
i n t e r a c t i o n .  
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ALGEBRAIC ADDITION 
I n  t h i s  f i r s t  s e c t i o n  e x p e r i m e n t a l  d a t a  a b o u t  s t a t i c  a d d i t i o n s ,  t r a n s i e n t  
responses and dynamical sinusoidal inputs w i l l  be reviewed and evaluated for 
ev idences  of  a lgebra ic  addi t ion  of  the  vergence  and  vers iona l  sys tems.  
S t a t i c  A d d i t i o n s  
A r e c e n t  r e p o r t  by Drs. A. T r o e l s t a  and L. S t a r k  (20) shows t h a t  i n  
s t a t i c  i n t e r a c t i o n  o f  accommodative convergence and horizontal versional move- 
ments  there  i s  e v i d e n c e  t o  i n d i c a t e  s i m p l e  a l g e b r a i c  a d d i t i o n  o f  t h e  two sys -  
tems. 
P r i o r  t o  a c o n s i d e r a t i o n  o f  t h e i r  work i t  i s  important  to  understand 
c l e a r l y  t h e  dist inction between (1) fus iona l  vergence  movements fol lowing a 
b i n o c u l a r  v i s u a l  i n p u t  and ( 2 )  accommodative  vergence movements fol lowing a 
monocu la r  v i sua l  i npu t .  
I n  t h e  f i r s t  c a s e  t h e  v e r s i o n a l  i n p u t  s i g n a l  may be considered an opposi te-  
l y  p o l a r i z e d  a n g u l a r  d e v i a t i o n  o f  t a r g e t  image p o s i t i o n  w i t h  r e s p e c t  t o  t h e  
foveae.  The eyes   then  have  to  move o r  c o r r e c t  i n  o p p o s i t e  d i r e c t i o n s  i n  o r d e r  
t o  f u s e  t h e  t a r g e t  i m a g e s  on  each  fovea. T h i s  i s  ordinary  vergence movement. 
In  the second case,  only one eye sees the  t a rge t  wh ich  moves near and f a r  
on the  op t i ca l  ax i s  o f  t he  see ing  eye .  Th i s  eye  r ema ins  f ixed  in  pos i t i on  due  
t o  t h e  f i x a t i o n  and p u r s u i t   c o n t r o l   l o o p s   o f  t h e  t racking   cont ro l   sys tem.  The 
accommodative system of the seeing eye ,  however ,  t r acks  the  t a rge t  a s  r ega rds  
i t s  near and f a r  movements  on t h e  o p t i c a l  a x i s .  The senso ry  s igna l  he re  i s  a 
b l u r  o f  t a r g e t  and o the r  a s soc ia t ed  c lues  such  as change i n  a p p a r e n t  s i z e  and 
i n t e n s i t y  o f  t h e  t a r g e t .  P r i m a r i l y ,  t h e  m o t o r  r e s p o n s e  s i g n a l  o f  t h e  accommo- 
d a t i v e  s y s t e m  c o n t r o l s  t h e  d i o p t r i c  s t r e n g t h  of t h e  l e n s  i n  i t s  maintenance of 
a focused   ta rge t .   In   addi t ion ,   however ,   motor   s igna ls   reach  two o t h e r   o c u l a r  
motor   cont ro l   sys tems--   the   pupi l   and   the   ex t raocular   eye   musc les .  The p u p i l  
responds by changing the aperture  s i z e ;  and the  ex t r aocu la r  musc le s ,  by  changing 
the  vergence s t a t e  o f   t h e   e y e b a l l .   ( T h i s   p u p i l l a r y   c o n s t r i c t i o n  and  conver- 
gence of  the eyes plus  lens  accommodat ion in  response to  the inward movement 
of  a t a r g e t  i s  ca l led  the  near  t r iad  of  accommodat ion . )  
I n  t h e  work  by T r o e l s t a  and S t a r k  (20), i n  wh ich  the  t a rge t  moves inward 
o n  t h e  o p t i c a l  axis of  the seeing eye,  the occluded eye receives  motor  s ignals  
p r o p o r t i o n a l  t o  t h e  accommodative  response  of  the  seeing  eye. The vergence 
movement of the occluded eye can be measured and gives  an indicat ion of  the 
accommodat ive vergence control  system act ivi ty .  
Experimental  Method:  Using  an XY recorder  they  presented  the  subjec t  wi th  
a t a r g e t  as shown i n  F i g . l . l .  T a r g e t  movement is s inuso ida l  (0 .3cps )  o r  s t ep -  
wise (0.lcps)  and was seen  on ly  by t h e  r i g h t  e y e .  The p a t h  o f  t h e  l e f t  e y e  was 
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blocked  by an opaque  screen.  The  subject was requested  to  fixate  the  target 
and  to keep  it in focus. Tine movements of the  left,  occluded  eye  were  measured. 
(All references  to  the  right  eye  are  to  the  seeing  eye  and  references  to  the 
left  eye  are  to  the  occluded  eye.) 
As shown in Fig.l.1 the  visual  input  to  the  right  eye  may  be  resolved  into 
a  depth  perception  and  a  target  displacement. 
Depth  perception  is  a  function of cos 0: 
Depth 
Perception = AS cos@ = 
a s ( s  + AS) 2 AS 
,/(s + A S ) 2  + X2 
since (S + A S ) 2  >> X2 for  the  experimental  conditions  used (S = 21cm, A S  = 15cm, 
&ax = 6cm). Consequently  the  depth  perception is more  or  less  independent of 
the  value  of X. 
Target  displacement  is  a  function of sing: 
Target 
Displacement = AS sing = 
(A SIX (A S)X 
J ( s  + AS)2*X2 S + A S  
Two types  of  associated  movements  of  the  left  eye  can  result  from  the 
input  to  the  right eye: (1) accommodative  convergence (AC),  and ( 2 )  associ- 
ated  tracking (AT). 
(1) Accommodative  convergence  (or  divergence)  movements  of  the  left  eye 
are  those  occuring when the  right  eye  changes  its  accommodation.  For  example, 
if  the  target  is  moved in the  optical  axis  of  the  right  eye,  the  left  eye will 
roughly  follow  the  target  movement,  even  though  the  left  eye  receives  no 
sensory  visual  information  and  the  right  eye  is  stationary.  With  reference 
to  Fig.l.land  the  assumption of some  gain  for  accommodative  convergence, 
movement  of  the  left  eye  which  results  from  accommodative  convergence  will  be: 
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Gain  will be  frequency  dependent,  but  in  this  experiment  it  is  neglected 
because  low  frequencies  are  used.  Furthermore,  it  will  be  assumed  that GAC 
is  dependent  only on the  depth  perception of the  right  eye  and  is  indepen- 
dent of 0 and  additional  visional  information  (such as, target  displacement). 
GAC can  be  determined  experimentally  by  measuring  the  movement of the covered  and  uncovered  left  eye when  the  target  is  moved  along  in  the  optical 
axis  of  the  right  eye. 
( 2 )  Associated  tracking  movements  of  the  left  eye  result  when  the  right 
eye  moves  while  tracking  the  target.  These  movements  are  opposite in sign  to 
the  accommodative  convergence  movements  and  are  assumed  proportional  to  the 
target  displacement  seen  by  the  right  eye: 
The  definition  of GAT is  similar  to GAC except  that GAT is  assumed  dependent 
only on target  displacement. GAT is  measured  experimentally  by  presenting 
only  a  target  displacement  to  the  right  eye  and  measuring  the  movement  of 
the  left eye, covered  and  uncovered. For  three  values  of 0 approximately 
10 degrees  apart  the  values  of GAT obtained  are 1.25,  1.15 and 1.15. 
( 3 )  Combined  associated  movements. In  general,  the  right  eye  will re- 
ceive  information  that  consists  of  both  depth  perception  and  target dis- 
placement. If these  two  kinds  of  information  contribute  independently  to 
the  associated  movement  of  the  left eye, equations (1) and (2) may  be com- 
bined. In this  experiment  then,  the  net  movement of the  left  eye  may  be 
represented  by 
AC + AT = A S  360 
( S + A S )  j- 2 T  (PGAc - XGAT) degrees (3 )  
or 
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AC + AT = J 4 G 2  (6GAC 
- XGAT) degrees 
From  equation ( 4 )  it  is  clear  that  the  value of X for  which  there  will  be 
no  associated  movement of the  left  eye  is  given  by 
Figure 
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The va lue  o f  Xzero c ros s ing  as p red ic t ed  by equat ion (5)  was compared 
wi th  the  exper imenta l ly  measured  va lue  for  th ree  d i f fe ren t  condi t icns  of t h e  
eyes .  The r e s u l t s  are shown i n  T a b l e  1 and F ig . l . 2 .  
The e x p e r i m e n t a l  r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  GAG and GAT are indepen- 
den t  of each  o the r ;  GAC is g r e a t l y  i n f l u e n c e d  by f a t igue  o f  t he  eyes ;  and 
GAT i s  r e l a t i v e l y  unchanged w i t h  f a t i g u e .  
Transient Responses 
From the days of Mueller (13) and Helmholz ( 6 )  t o  t h e  r e c e n t  work of  
Alpern (2,3) ,  physiologis ts  have shown t h a t  e y e  movement t r ans i en t  r e sponses  
a l s o  seem t o  summate as s i m p l e  a l g e b r a i c  a d d i t i o n s .  When the   i npu t  is  a 
s tep input ,  however ,  the vergence and vers ional  components  of  the movements 
can  be  d is t inguished  by o b s e r v i n g  t h e  d i f f e r e n t  d y n a m i c a l  c h a r a c t e r i s t i c s  o f  
t hese  two systems. The r e sponse  o f  t he  ve r s iona l  sys t em to  a s t e p  i s  a very  
rap id  saccadic  jump,  whereas  the  convergence  system  with i t s  continuous 
d y n a m i c a l  c h a r a c t e r i s t i c s  h a s  a s lower  response  in  cor rec t i .on  of  a t r a n s i e n t  
e r r o r .  
The response shown i n  F i g . l . 3  i l l u s t r a t e s  t h e s e  f e a t u r e s  (5) .  A base - in  
p r i sm equ iva len t  t o  4 degrees of convergence i s  i n t r u d e d  i n  f r o n t  o f  t h e  
r i g h t  e y e  t h u s  r e q u i r i n g  i t  a lone  to  converge  4 degrees  to  produce  zero  
fus iona l -vergence   e r ror -s igna l .   Actua l ly   bo th   eyes   per form some qu ick   i n i t i a l  
v e r s i o n a l  movement, about 2 degrees  in  ampl i tude ,  to  produce  an  equal  bu t  
o p p o s i t e  e r r o r  i n  e a c h  e y e .  T h i s  e r r o r  i s  then  cor rec ted  by  means of  slower 
fusional   vergence movements of   both  eyes .  A s i m i l a r  r e s u l t  i s  s e e n  i n  F i g . 1 . 4  
wi th  the  p re sence  o f  bo th  f a r  and n e a r  f i x a t i o n  t a r g e t s  a l o n g  t h e  l i n e  o f  
s i g h t  o f  t h e  r i g h t  eye  (5) .  The s u b j e c t   s w i t c h e s   f i x a t i o n  from  one t a r g e t  t o  
t h e   o t h e r .  The sepa ra t eness   o f   ve r s iona l  and vergence movements i s  aga in  
c l e a r l y  s e e n :  t h e  i n i t i a l  r a p i d  s a c c a d i c  v e r s i o n a l  jump of   bo th   eyes   to   the  
r i g h t ,  and then the slower convergence movement of  both eyes.  
When one  eye i s  occluded  and two t a r g e t s  a r e  i n  t h e  l i n e  o f  s i g h t  o f  t h e  
see ing  eye  i t  has  been  sugges ted  tha t  on ly  vergence  movement occurs  as shown 
i n  F i g . L 5 ( 5 ) .  The genera l   appearance   o f   the   record  i s  a large  convergence 
(accommodative  vergence) movement o f  t he  l e f t  occ luded  eye  and a s t a t i o n a r y  
p o s i t i o n  of t h e  r i g h t  f i x a t i n g  e y e .  The r i g h t  e y e  i s  kept  s t i l l  by the  con-  
t i n u e d  a c t i o n  o f  t h e  t r a c k i n g  c o n t r o l  s y s t e m  wi th  i t s  o s i t i o n  ( f i x a t i o n )  
and ve loc i ty  (pu r su i t )  con t ro l  sys t ems .  S ince  i t  i s  t R e so le  v iewing  eye  
these   cont ro l   sys tems mus t  be   very   ac t ive .  However, a tendency   of   the   f ix -  
a t e d  e y e  t o  c o n v e r g e  c a n  b e  n o t e d  e v e n  i n  t h i s  n o i s y  r e c o r d  e s p e c i a l l y  i f  
one  observes  tha t  a l l  t h e  small c o r r e c t i v e  f i x a t i o n  s a c c a d e s  are d i r e c t e d  
r i g h t w a r d   i n   t h i s   e y e .   T h e s e   i n t e r a c t i o n s   d e s e r v e   f u r t h e r   i n v e s t i g a t i o n .  
However, the main part  of Mueller 's  experiment (figs.l .3 and1.4 i s  c l e a r l y  
e s t a b l i s h e d .  Two s e p a r a t e   a n d   d i s t i n c t i v e   c o n t r o l   s y s t e m s   t o g e t h e r   c o n t r o l  
eye  pos i t i on  - - the  ve r s iona l  and vergence mechanisms. 
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Table 1. Values  of   predicted X,, crossing f o r   t h r e e   d i f f e r e n t  
cond i t ions  o f  t he  eyes  ( l e f t  eye  occ luded) .  
Condi t ion 
of eyes 
AC G~~ Xzero c ros s ing  Xzero c ros s ing  
(cm) (arbitrary  a scissa 
of   Fig.  1 . 2 )  
Normal 0 .95   1 .17  
Highly 
Fat igued 0 . 6 2  1 . 2 0  3 . 1  170 
4 . 9  
Not 
Accommodating 0 - 0 300 
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Figure 1 . 2  Associated eye movements of  occ luded  le f t  eye  
as a funct ion of  angle  of  gaze of  viewing r ight  
eye ,  w i th  t a rge t  moving i n  l i n e  o f  s i g h t  o f  
r i gh t   eye .  Note con t ro l   expe r imen t   w i th   l e f t  
eye.  (20) 
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Figure 1.3 Electro-oculographic   record of eye  pos i t i on  
w i t h  a base - in  p r i sm equ iva len t  t o  4 degrees  
of conve rgence  in t ruded  in  f ron t  o f  t he  
r i g h t   e y e .  (5) 
Time - 
seconds 
I 
Figure 1 .4  Record of  eye  pos i t ion  when f i x a t i o n  
i s  changed  from a f a r  t o  a nea r  t a rge t  a long  the  
l i n e  o f  s i g h t  o f  t h e  r i g h t  e y e ,  w i t h  b i n o c u l a r  
f i x a t i o n .  (5) 
m " - L  
a 
0 
Time -c 
I25 degrees - 0.5 sec 
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Figure 1.5 Record o f  t he  eye  pos i t i on  when f i x a t i o n  of 
t h e  r i g h t  e y e  is changed from a f a r   t o  a near  
t a rge t  ( a long  i t s  l i n e  o f  s i g h t )  when t h e  l e f t  
eye i s  occluded.  Note  that   only  the  occluded 
eye moves. (5) 
Time -+ 
I 1 degree - 1 sec 
Figure 1 . 6  A recording of eye  vergence  (above) and mean l a t e r a l  
eye posit ion (below) when independent simple 
harmonic  changes are g iven  to  ta rge t  vergence  and 
mean l a t e r a l  t a r g e t  p o s i t i o n .  (16) 
Dynamical Inputs: Sinusoids 
Using  sinusoidal  inputs  and  illustrating  both  sum  and  difference  of 
right  and  left  eye  positions  Rashbass  and  Westheimer  (16)  have  shown  that 
two  non-harmonically  related  sinusoids  driving  the  vergence  and  versional 
systems  separately  result  in  responses  which  are  also  separate  and  indepen- 
dent.  This  experiment  is  illustrated  in  Fig.1.6  for  a  single  time  function. 
This  figure  shows  a  recording  of  eye  vergence  and  mean  lateral  eye  position 
when  independent  simple  harmonic  changes  are  given  to  target  vergence  and 
mean  lateral  target  position. 
It is  important  to  note  the  different  characteristics  of  the  two  con- 
trol  system  outputs  --the  smooth  vergence  movements  perhaps  without  saccades 
except  as  an  error in the  recording  and  display  methods;  and  the  mixed  pur- 
suit  and  saccadic  versionalmovements. No quantitative  study  of  the  actual 
harmonic  content  of  the  two  response  curves  has  in  fact  been  carried  out. 
DIFFERFDITIAL  EFFECT OF FATIGUE 
Fig.1.7,taken  from  a  paper  by  Lion  and  Brockhurst (ll), shows  the  eye 
movement  system  tracking  a  versional  target,  which  jumps  back  and  forth 
between  two  points in the  horizontal  plane.  The  three  records  of  each  trace 
are  position,  velocity,  and  acceleration  of  the  eye  movement  following  the 
target.  The  records,taken  after  various  periods  of  tracking,  show  that  there 
is no fatigue  observed  in  the  versional  system.  This  finding  is  character- 
istic. 
It can  be  seen  in  Fig.l.2  that  as  fatigue  reduces  the  gain of  ccommo- 
dative  convergence,  the  version  and  vergence  systems  continue  to  add  alge- 
braically  with  the  vergence  system  giving  only 0.6 of its  former  contribution. 
In all  other  aspects  the  systems  remain  completely  independent.  Fig.  L6,  from 
Rashbass  and  Westheimer, a lso  shows  the  same  effect  in  a  dynamical  sinusoidal 
experiment,  wherein  the  'onvergence  system  is  fatiguing  and  reducing  its  gain 
while  the  version  system  continues  to  respond  without  fatigue. -This  differ- 
ential  effect  of  fatigue  is  further  evidence  in  favor  of  the  independence  of 
these  eye  movement  control  systems,  and  reinforces  the  algebraic  addition 
hypothesis  developed  in  the  previous  section. 
STATICS 
In this  section  comparative  experimental  data  relating  to  limitation  of 
range  and  intorsion  and  extorsion  in  the  vergence  and  versional  systems  is 
reviewed. 
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Figure  1 .7  E lec t ro -ocu lograph ic   r eco rd ,   t aken   a f t e r   va r ious  
pe r iods  of t r a c k i n g ,  A a t  start of test ,  B a f t e r  
5 minutes ,  C a f t e r  10 minutes,   of  (a)  eye 
p o s i t i o n ,   ( b )   v e l o c i t y ,  and ( c )   a c c e l e r a t i o n  
as the  eye  follows a ve r s iona l  t a rge t .  No te  the  
absence  of  fa t igue  i n  the  vers iona l  sys tem.  (11) 
T 
‘T 
111 I1 111111 
Limi ta t ion  o f  Range 
" 
A n  eas i ly  demons t r a t ed  phenomenon i s  t h e  d i f f e r e n c e  i n  l i m i t a t i o n  o f  
range   of   the   vergence   and   vers iona l   sys tems.   F i r s t   o f  a l l ,  i n  t h e  f u l l y  
d ive rged  sys t em the  eyes  r ema in  wi th  the i r  v i sua l  axes n e a r l y  p a r a l l e l  o r  
perhaps  with some s l i g h t  d i v e r g e n t  a n g l e .  However,  by  moving t h e  t a r g e t  
ho r i zon ta l ly  the  eye  musc le s  c l ea r ly  can  p roduce  fu r the r  l a t e ra l  r o t a t i o n  
of  the  eyebal l .  Again  the  vergence  sys tem opera tes  more e f f e c t i v e l y  and 
i s  e n t i r e l y  r e s t r i c t e d  t o  t h e  h o r i z o n t a l  p l a n e  w h e r e a s  v e r s i o n a l  t r a c k i n g  
movements c a n  o c c u r  v e r t i c a l l y  and o b l i q u e l y  q u i t e  r e a d i l y .  
A n o t h e r  e x p e r i m e n t  i l l u s t r a t i n g  l i m i t a t i o n  o f  r a n g e  i s  t h a t  of f i g u r e  
1.8b & . c .  The t a r g e t  moves c l o s e r  and c l o s e r  t o  t h e  s u b j e c t  u n t i l  t h e  l i m i t  
of  convergence i s  reached  ( f ig . l .8b) .  Then wi th  l a t e ra l  movement of   the  t a r -  
get  each eye can be shown s e p a r a t e l y  c a p a b l e  o f  f u r t h e r  a d d u c t i v e  r o t a t i o n s  
( f i g . l . 8 ~ ) .  T h i s  has  been  suggested by  Verhoef (21) as ev idence   t ha t   t he  
convergence system h a s  on ly  the m e d i a l  r e c t u s  a t  i t s  d i s p o s a l  whereas t h e  
vers iona l  sys tem can  employ t h e  s u p e r i o r  and i n f e r i o r  o b l i q u e  m u s c l e s  t o  
produce   grea te r   adduct ive  movement. Electromyographic  evidence  suggests 
o the r   exp lana t ions .   Bre inen   (4 )   has  shown t h a t   t h e   m e d i a l   r e c t u s   i n c r e a s e s  
i t s  f i r i n g  ra te  when the  ve r s iona l  eye  movement produces adduction over and 
above t h e  maximal convergence posit ion.  
I n t o r s i o n   E x t o r s i o n  
Carefu l  s tud ies  have  noted  the  s l igh t  wheel ing  mot ion  of  the  eye  wi th  
h o r i z o n t a l ,   v e r t i c a l ,  and ob l ique  movements i n   v e r s i o n a l   t r a c k i n g .  Some 
o f  t h e s e  s t u d i e s  h a v e  u t i l i z e d  t h e  method of  a f te r - image  es t imat ion  of  wheel  
a n g u l a r  r o t a t i o n s  (15) ,  whi le  o thers  have  employed objec t ive  photographic  
methods e x p l o i t i n g  a p a r t i c u l a r  f e a t u r e  o f  t h e  i r i s  t o  mark t h e  v e r t i c a l  
meridian  of   the  eye (18). Wheel r o t a t i o n  o c c u r s  as a f u n c t i o n  o f  t a r g e t  
p o s i t i o n  i n  t h e  XY p lane ,  bu t  normal  subjec ts  genera l ly  show almost com- 
p l e t e l y  v e r t i c a l  o r i e n t a t i o n  when looking a t  t a r g e t s  i n  h o r i z o n t a l  and v e r -  
t i c a l  d i r e c t i o n s .  W h e e l i n g  r o t a t i o n s  are most  noted when the subjec t   looks  
a t  t a r g e t s   i n   o b l i q u e   d i r e c t i o n s .   F i g u r e 1 . 9 ( 1 4 )   i l l u s t r a t e s   t h e   h o r i z o n t a l i t y  
o f  t he  ho r i zon ta l  mer id i an  o f  t he  eye  in  the  p r imary  ( s t r a igh t - ahead  gaze )  
and secondary  (gaze  a long  e i the r  t he  ho r i zon ta l  o r  ve r t i ca l  mer id i an  bu t  no t  
bo th )  pos i t i ons  o f  gaze .  The apparent  wheeling  motion o f  t h e  e y e b a l l  i n  t h e  
t e r t i a r y  p o s i t i o n s  ( o b l i q u e  d i r e c t i o n s  o f  g a z e )  i s  most ly  due  to  a f a l s e  
tors ion  dependent   upon  spherical   geometry.   That  i s ,  t h e   h o r i z o n t a l   r e t i n a l  
meridian i s  ho r i zon ta l  bu t  i t s  p r o j e c t i o n  upon a tangent  sc reen  i s  ob l ique .  
T rue  to r s ion  on ly  occur s  to  a minor  degree in  extreme posi t ions of  up-  
ward  and downward temporal  gaze.  The nasa l   quadran t s  are t o o  r e s t r i c t e d  f o r  
t h i s  s l i g h t  d i s t o r t i o n  t o  be p re sen t  on nasalward oblique gaze.  
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Figure 1.8 A set of photographs  of  a  normal  subject  illustrating 
(a) the  eyes  in  the rest  position; (b) the limited 
adductive  movement  possible  in full convergence; and 
(c) the  further  adduction  possible  in  versional 
tracking  movement. 
(a) primary  position 
(b) maximum  convergence 
(c) maximum  version 
Figure 1.9 Projection of retinal  horizon  for  various 
directions of gaze. Note  the  horizontality o.f 
the  horizontal  meridian  of  the  eye  in  the 
primary,  secondary and tertiary  positions 
of gaze. (14) 
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Verhoef  (21)  has  poin ted  out  tha t  the  degree  of  in tors ion  and e x t o r s i o n  
depends  on  whe the r  t he  v i sua l  ax i s  a r r ives  a t  a p a r t i c u l a r  o b l i q u e  p o i n t  as 
t h e  r e s u l t  o f  a ve rgence  o r  ve r s iona l  movement. This  i s  a m o s t  i n t e r e s t i n g  
and acute  observa t ion  and would c l e a r l y  i n d i c a t e  t h a t  d i f f e r e n t  m u s c l e s  o r  
port ions  of   muscles  are employed f o r  t h e s e  two systems. It i s  suggested 
tha t  expe r imen t s  be  pe r fo rmed  in  th i s  area t o  s t u d y  t h e  e f f e c t  more care- 
f u l l y .  A r e l a t e d  area of  s tudy  i s  t h a t  i n  which Knoll ( 7 ) ( 1 7 )  has  shown 
t h a t  v a r i o u s  e s o -  and exophorias are a l t e r e d  by  vary ing  the  e leva t ion  of  the  
p lane  of  regard .  
The ac t ions  o f  t he  s ix  ex t r aocu la r  musc le s  have  been  s tud ied  as a func-  
t ion   o f   the   a r ig le   o f   gaze .   F igures  1.10a & b show some of  Krewson's re- 
s u l t s  (8).  The po r t ions  o f  t hese  g raphs  mos t  r e l evan t  t o  ou r  p re sen t  pu rposes  
are the  sho r t  dashed  l i nes  showing s t rong  inward  ro t a t ion  ac t ion  fo r  t h e  
s u p e r i o r  r e c t u s  and t h e  i n f e r i o r  r e c t u s  when t h e  e y e b a l l  i s  a l r eady  somewhat 
i nward ly  ro t a t ed .  Th i s  ev idence  suppor t s  t he  poss ib i l i t y  o f  ve r s iona l  move- 
ments  performing fur ther  adduct ion by means of  o ther  musc les ,  i . e .  t h e  v e r -  
t i c a l  r e c t i ,  t h a n  t h e  m e d i a l  r e c t u s  a v a i l a b l e ,  and p o s s i b l y  a l o n e  a v a i l a b l e ,  
to  the  vergence  cont ro l  sys tem.  
COMPARISON  OF CONTROL CHARACTERISTICS 
We s h a l l  now a t t empt  to  r ev iew and  compare the  se rvoana ly t i c  cha rac t e r -  
i s t i c s  o f  t h e  v e r s i o n a l  and vergence control  system. 
Frequency Response Curves 
Frequency response curves have been obtained for  the vers ional  system 
i n  h o r i z o n t a l  t r a c k i n g  movements w i th  bo th  p red ic t ab le  and unpredic tab le  
inpu t s   (F ig .  l . l l a  & b) (22) .  It i s  impor t an t   t o   no te   t he   peak   i n   t he   f r e -  
quency  response  curve  for  unpredic tab le  inputs  (bot tom curve ,  f ig .  l . l l a )  
which i s  p a r t i a l  e v i d e n c e  f o r  a sampled  da ta  (or  in te rmi t ten t )  model o f  t h e  
eye movement system. The phase   po r t ion   o f   t he  Bode d i ag ram  (F ig .   1 . l l b )  
i l l u s t a t e s  t h e  d i f f e r e n c e  i n  p h a s e  c h a r a c t e r i s t i c s  b e t w e e n  p r e d i c t a b l e  and 
u n p r e d i c t a b l e  s i g n a l s .  The p r e d i c t i o n  o p e r a t o r  c a n  b e  s e e n  t o  e f f e c t i v e l y  
reduce  phase  lag.  Here then ,  two impor t an t   s e rvo -cha rac t e r i s t i c s ,   t he  
in t e rmi t t ency  ope ra to r  and t h e  p r e d i c t i o n  o p e r a t o r ,  are c l e a r l y  n o t e d .  
Frequency response curves for  the vergence s y s t e m  are shown i n  F i g .  1.12a 
and b (27).  The g a i n  p o r t i o n  show no peak  (Fig.1.12a) a f a c t  t h a t  i s  cons i s -  
t e n t  w i t h  t h e  time func t ion  da ta  cu rves  wh ich  show no in t e rmi t t ency .  Compari- 
son  of  the  f requency  response  curves  in  the  phase  por t ion  of  the  d iagram 
(F ig .  1 .12b)  fo r  p red ic t ab le  and unpred ic t ab le  inpu t s  i l l u s t r a t e s  t h e  re la -  
t i v e l y  small e f f e c t  o f  t h e  p r e d i c t i o n  o p e r a t o r  i n  t h e  v e r g e n c e  s y s t e m .  Only 
Figure 1.10a Action of extraocular  muscles  in  various 
positions of gaze. (8) 
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Figure 1.10b Action of extraocular  muscles  in 
various  positions of gaze. (8) 
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Figure 1.lla Gain  portion af frequency response plot 
of  versional  system,  with  predictable and 
unpredictable inputs. 
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Figure l.llb Phase  portion  of  frequency  response plot 
of  versional system, with predictable and 
unpredictable  inputs. 
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Figure 1.12a Gain  portion of frequency  response  plot of 
vergence system. Note  lack of a peak  in  the 
response  curve to non-predictable  inputs, 
indicating a lack  of  tntermittency. (27) 
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Figure 1.12b. Phase  portion  of  frequency response plot of 
of vergence  system.  Note  the  relatively  small 
effect of the  prediction  operator. (27) 
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a r e l a t i v e  i n c r e a s e  i n  p h a s e  m a r g i n  ( f o r  s t a b i l i t y )  r e s u l t s  as a n  e f f e c t  o f  
t h e  p r e d i c t i o n  o p e r a t o r  i n  t h i s  s y s t e m .  
Transient  Experiments ,  Ramps, Parabolas  
The vers iona l  sys tem shows a r e l a t i v e l y  a c c u r a t e  p o s i t i o n  and v e l o c i t y  
cont ro l  sys tem as indica ted  in  the  ramp-parabola  exper iment  o f  F ig .  1 . 1 3   ( 2 3 ) .  
Changes i n  p o s i t i o n  and v e l o c i t y  are compensated f o r  by t h e  i n t e r m i t t e n t  
doub le   pos i t i on  and ve loc i ty   con t ro l   sys t em as d i s c u s s e d   i n  Young and 
S t a r k  ( 2 4 ) .  ' 
Response to  the  pa rabo l i c  po r t ion  o f  t he  inpu t  ev idences  the  l ack  o f  an  
a c c e l e r a t i o n   c o n t r o l   l o o p   i n   t h e   v e r s i o n a l   s y s t e m .  The saccad ic   co r rec t ions ,  
w h i l e  a l t e r n a t e  o r  i r r e g u l a r  i n  d i r e c t i o n  d u r i n g  t h e  ramp p o r t i o n  o f  t h e  
trace,  become u n i d i r e c t i o n a l  d u r i n g  t h e  pa rabo l i c   po r t ion   o f   t he   t r ace .   Th i s  
ind ica tes  tha t  the  sampled  da ta  vers iona l  cont ro l  sys tem approximates  a para-  
bo la  (o r  o the r  i r r egu la r  cu rves )  w i th  a series of  cons tan t  ve loc i ty  segments .  
In  the  case  of  the  parabolas  these  cons tan t  ve loc i ty  segments  are es t imated  
from the  p reced ing  po r t ion  o f  t he  inpu t  cu rve  and are  a lways too low i n  v e l o -  
c i t y  t o  compensa te  for  the  l a t t e r  po r t ion  of t h e  i n p u t  - - t h a t  p a r t i c u l a r  0.2 
sec .   in te rsaccadic   segment .  Thus a c o r r e c t i o n  i n  t h e  d i r e c t i o n  of  a l a r g e r  
v e l o c i t y  se'gment a t  the  next  sampled  da ta  cor rec t ion  time i s  necessary .  
Ramp and parabola experiments with the vergence control system are 
shown i n   F i g .  1.14 and 1.15 (26) .  From o t h e r   t r a n s i e n t   s t u d i e s  of th con- 
vergence system it  may be  p red ic t ed  tha t  con t inuous  r e sponse  w i t h  l a r g e r  
e r r o r s  w i l l  be seen because of  the lower f requency response.  
Pulse Experiments 
Pu l se  expe r imen t s  fo r  ve r s iona l  movements c l e a r l y  show t h e  h i g h  f r e -  
quency  response  of   this   system.  Furthermore,  as shown on   F ig . l . 16a  & b ( 2 3 )  
t he  r e sponse  to  an  inpu t  pu l se  o f  sho r t  du ra t ion  i s  an  output  pu lse  of a t  
least  200 msec. dura t ion .   This   p roves   tha t   the   sys tem  has  a r e f r a c t o r y  
pe r iod  r a the r  t han  a s imple  delay.  The sampled  data   intermit tency  operator  
i n  t h e  v e r s i o n a l  c o n t r o l  s y s t e m  i s  a l s o  c o n s i s m  w i t h  t h e  r e f r a c t o r y  p e r -  
iod .  
S tep   exper iments   wi th   the   ver   ence   sys tem are shown i n  F i  1 . 1 7  (26). 
The convergence system shows  no r e f r a c t o r y  p e r i o d  similar t o  ti% sampled 
da ta  vers iona l  sys tem,  but  does  show another  phenomenon sometimes noted i n  
b io logica l  sys tems;  i . e .  that sometimes a s m a l l  e r r o r  s i g n a l  l a s t i n g m l y a s h o r t  
t i m e  is  ignored  ra ther  than  a l lowed to  produce  a de layed  response  cor rec t ing  
a n  e r r o r  t h a t  i s  no longe r  p re sen t .  
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Figure  1.13 Parabol ic  input   responses .  (23)  
Figure 1.14 Response of the  vergence  system  to  
ramp input .  (26) 
Figure 1.15 Response of the   vergence   sys tem  to  
pa rabo l i c   i npu t .  (26) 
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Figure 1.16a & b Pulse  experiments  for  the  versional 
system  showing  high  frequency  response. (23) 
w 
0 
Figure 1.17 Response of t he  ve rgence  sys t em to  s t ep  inpu t .  
Note the  l ack  of a r e f r a c t o r y  p e r i o d .  (26)  
Environmental  Clamping 
Environmental  clamping  of  biological  control  systems  has  been  stressed 
as one method of exploiting  and  exposing  their  interesting  servoanalytical 
properties. An example of this  technique  is  to  feed  the  response of the 
versional  system  back  through an operational  amplifier  to  the  input so that 
the  gain of the  feedback  element  is  increased  enough  to  produce  instability 
( 2 3 ) .  Instability  oscillations  such  as  those  illustrated in Fig. 1.18~ (23)  
are  the  result of this  feedback  technique.  Examination  of  this  curve  shows 
the  square  waves  (slightly  rounded  by  the  dynamics  of  the  eyeball)  which  are 
a  typical  behavioral  characteristic of  a sampled  data  feedback  control sys- 
tem  under  conditions  of  instability.  Figs.  1.18a  and  b (23)  show  open  loop 
behavior of the  system  wherein  the  system  without  feedback  control  swings  to 
extreme  boundary  conditions.  The  series  of  steps  that  occur  are  again  char- 
acterisitic of the  sampled  data  system. 
On the  other hand, instability  oscillations  of  the  convergence  system, 
as  shown in  Fig. 1.19 (26) ,  while  irregular,  are  a  continuous  function  and 
show  quasi-sinusoidal  curves.  This  oscillation  is  characteristic  of  a con- 
tinuous  control  system  under  conditions of instability.  The  lower  frequency 
of  these  oscillations  is  another  indication  of  the  lower  frequency  response 
of  the  vergence  control  system. 
Monocular & Binocular  Inputs 
The  versional  control  system  operates  quite  well in  aqualitative  sense 
with  either  monocular  or  binocular  target  inputs. No careful  studies  are 
available  to  compare  system  performance  under  these  two  behavioral  conditions. 
The  vergence  control  system  ordinarily  requires  a  binocular  input in 
order  to  obtain  convergence or divergence.  Satisfactory  arrangements  of 
inputs  are  of  three  types: (1) relay  targets  moving  in  the Z-axis, (2) con- 
tinuous  components  moving  in  the Z-axis, or ( 3 )  artificially  constructed in- 
puts  composed of similar  targets  presented  separately  to  each  eye  and  cohered 
by  means of the  fusional  illustration,  to  obtain  apparent  Z-axis  movement. 
All of  these  provide  adequate  stimuli  for  vergence  movement. 
Alternatively,  with  one  eye  occluded,  a  target  moving in-and-out on the 
Z-axis (or  line of sight  of  the  viewing eye), or  having  a  component  moving 
on the Z-axis  will  produce  "accommodative  convergence".  That is, the oc- 
cluded  eye  performs a  vergence  according  to  the  level of effort  transmitted 
to  the  ciliary  muscle  for  accommodation.  This  vergence is part  of  the  near 
triad wherein  accommodation  of  the  lens,  convergence  of  the  eyeball,  and 
constriction of the  pupil  all  occur in response  to  a  near  movement of the 
target. In addition  it  has  been  shown  by  opening  the  accommodation lo p
with  atropine (19), that  the  level of command  signal  increases  and  that  the 
amount of accommodative  convergence  also  increases.  The  frequency  response 
of fusional  and  accommodative  convergence  appear  to  be  closely  related. 
Figure 1.18. V e r s i d  control  system  --instability 
oscillations. (24)  
Figure 1.19. Vergence  control  system  --instability 
oscillations. (27) 
TIME 
DYNAMICAL INTERACTIONS 
Although the two systems are r e l a t ive ly  independen t  it i s  p o s s i b l e  t h a t  
some type   o f   in te rac t ion   occurs   under   spec ia l   condi t ions .   Apparent   ev idence  
i n  f a v o r  of t h i s  v i e w  is p r e s e n t e d  i n  F i g .  1 . 2 0  ( 1 2 ) .  I n  t h i s  e x p e r i m e n t ,  as 
t h e  h o r i z o n t a l  v e r s i o n a l  movement t r a c k s  a s p e c i a l  c h a n g e - o f - p o s i t i o n  t a r g e t ,  
t h e  two eyes  d iverge  dur ing  the  saccadic  jump and then converge during the 
pe r iod   fo l lowing   t he   s accad ic  jump. Evident ly   th i s   convergence  i s  unaf fec ted  
by a second saccadic  jump which  occur s  sho r t ly  a f t e r  t he  f i r s t  one .  A l though  
th is  type  of  exper imenta l  resu l t  has  not  of ten  been  repor ted ,  Zoethout  (25) 
s tates:  "Divergence movement t akes  p l ace  du r ing  f ixa t ion  (by  th i s  he  means 
p o s i t i o n a l  s a c c a d i c  jumps)  and  convergence  between f i x a t i o n  p e r i o d s " .  
Two re l a t ed  exp lana t ions  may a c c o u n t  f o r  t h i s  phenomenon i n  s u c h  a 
manner tha t  i n t e rdependence  o f  t he  ve rgence  and v e r s i o n a l  s y s t e m s ' i s  n o t  
r equ i r ed .  The f i r s t  exp lana t ion  depends  on  the  deg ree  of s e n s i t i v i t y  of 
the  re t ina  which  occurs  w i t h  a saccadic  eye  movement. Experiments  of  this  
s o r t  have  been  done  by  Lettvin ( l o ) ,  Volkman (22) ,  Latour (19) and J. Davis 
( 4 ) .  L a t o u r ' s  r e s u l t  i s  shown i n  F i g .  1 . 2 1  which i l l u s t r a t e s  t h a t  t h e  p r o b -  
a b i l i t y  o f  s e e i n g  a n o t h e r  l i g h t  d e c r e a s e s  g r e a t l y  a l t h o u g h  n o t  a b s o l u t e l y  
during a sa t cad ic  eye  movement.  Thus i t  i s  p o s s i b l e  t h a t  i f  a t a r g e t  were not  
t o o  b r i g h t  o r  i f  it were moving r a p i d l y  (which inc reases  the  th re sho ld  a s  
shown i n   F i g .  1 . 2 1 ) ,  o r   b o t h ,   t h e   s u b j e c t  may l o s e  f u s i o n .  I f  t h e  t a r g e t  i s  
near ,  underlying divergence tone might  cause rapid divergence during the 
saccad ic  jump as shown i n  F i g .  1 . 2 0 .  With t h e   r e - e s t a b l i s h m e n t   o f   r e t i n a l  
s e n s i t i v i t y ,  f u s i o n  o c c u r s  and shor t ly  fo l lowing  tha t ,  fu s iona l  conve rgence .  
It would  be i n t e r e s t i n g  t o  e x p e r i m e n t  on  an  e sophore  wi th  the  t a rge t  a t  some 
d i s t a n c e  so  t h a t  t h e r e  would  be r e l a t i v e l y  more convergence tone than diver-  
gence  tone.  Then, when the   fu s ion  i s  l o s t ,  e s p e c i a l l y  i f  t h e  s u b j e c t  were 
somewhat f a t i g u e d ,  one might see the occurrence of convergence during the 
saccadic  movement. 
In  the  second explana t ion ,  the  vers iona l  sys tem,  when computing command 
s i g n a l s  t o  b o t h  e y e b a l l s ,  m i g h t  be expec ted  to  t ake  in to  accoun t  t he  amount 
of   convergence   o r   d ivergence   tone   p resent   in   each   eyebal l ,   For   example ,  
when t h e  s u b j e c t  i s  conve rg ing ,  t he  med ia l  r ec t i  are only  provid ing  some 
oppos i t i ona l   d ive rgence   t one .  The v e r s i o n a l  command s i g n a l s  t o  t h e  r i g h t  
eye and t o  t h e  l e f t  e y e  t h e n  have t o  t a k e  t h e  u n d e r l y i n g  t o n e  i n t o  a c c o u n t .  
O t h e r w i s e  n o n l i n e a r i t i e s  i n  t h e  a d d i t i o n  p r o c e s s  may cause t h e  s u b j e c t  t o  
l o s e  f u s i o n .  C o r r e c t i o n s  f o r  t h e s e  n o n l i n e a r i t i e s  have t o  be made i n  a l l  
states o f  t a rge t  pos i t i on  wi th  r e spec t  t o  conve rgence  and divergence tone.  
It would be in t e re s t ing  to  s tudy  the  d i sc repancy  in  ve rgence  wh ich  occur s  
du r ing  saccad ic  movement as a f u n c t i o n  o f  t a r g e t  d i s t a n c e  w i t h  r e s p e c t  t o  
vergence rest d i s t a n c e .  It might  be  poss ib le  to  observe  a convergence move- 
ment du r ing  a s a c c a d e .  I n  f a c t ,  t h e  w h o l e  r e l a t i o n s h i p  o f  t h i s  e x p e r i m e n t  
t o  t h e  d e f i n i t i o n  of rest d i s t a n c e  and t o  t h e  e f f i c a c y  o f  e y e  movement i n  
reading  i s  o f  i n t e r e s t .  
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Figure 1.20. Tracking   response   o f   the   l e f t  and r i g h t   e y e   t o  a 
s p e c i a l   c h a n g e - o f - p o s i t i o n   t a r g e t .   I n t e r a c t i o n  
o f  v e r s i o n a l  and  vergence  control  systems. (12)  
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Figure 1.21 Latour’s experiment. Suppression of visual sensitivity 
with  a saccadic eye movement, illustrating that 
interdependence of the vergence and versional systems 
may  not be required for  interaction (9) 
o r e m e n f  
”- +- 
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SUMMARY 
The  preceding  discussion  outlines  an  important  problem area in eye  move- 
ment  physiology  which  utilizes  servoanalytic  concepts  integrated  with  other 
physiological 'information. When  a  clear  understanding of these  and other 
basic  biological  communication  mechanisms  is  achieved,  it  shall  no  longer  be 
necessary  to  resort  to  ad  hoc  studies  in  determining  human  engineering 
requirements  for  optimum  visual  performance. 
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CHAPTER I1 
THE INTERMITTENCY OPERATOR I N  THE CONTROL  SYSTEM  FOR EYE MOVEMENTS 
THE ROLE OF INTERMITTENCY I N  EYE TRACKING MOVEMENTS 
The Sampled Data Model -
A sampled d a t a  model has been developed (20) t o  desc r ibe  an  impor t an t  
b io logica l  se rvomechanism - - the  cont ro l  sys tem for  human eye  t racking  move- 
ments. A series of  experimentswere  conducted  wherein a sub jec t  a t t empted  to  
m a i n t a i n  f i x a t i o n  o f  a h o r i z o n t a l l y  moving t a r g e t  w h i l e  t h e  p o s i t i o n  o f  h i s  
head  remained  f ixed.  Study  of  the  eye movement r e c o r d s  l e d  t o  t h e  p r i c i p l e s  
which  form  the  foundation  of  the  model. The d i s c r e t e  n a t u r e  o f  t h e  t r a c k i n g  
i n  t h e  n o n - p r e d i c t a b l e  mode r equ i r ed  a sampled data model for adequate de- 
s c r i p t i o n .  
The ev idence  leading  to  a discont inuous control  model  stemmed from 
f ive   impor t an t   expe r imen ta l   r e su l t s :  1) the   sys tem  response   to  a t a r g e t  
pu lse  of  less than  0.2 seconds  dura t ion  i s  a p a i r  of  equal  and opposi te  
saccadic  jumps,  separated by a r e f r a c t o r y  p e r i o d  o f  a t  l e a s t  0.2 second; 
2) under  open  loop  condi t ions  in  which  the  e f fec t ive  v isua l  feedback  i s  
eliminated by addition of an external  path from measured eye posi t ion to  a 
t a rge t  pos i t i on ,  t he  sys t em s t ep  r e sponse  i s  a s t a i r case  o f  equa l  ampl i tude  
saccades spaced approximately 0.2 second apart ;  3 )  d u r i n g  c o n s t a n t  t a r g e t  
a c c e l e r a t i o n  t h e  e y e  v e l o c i t y  c h a n g e s  i n  r a t h e r  d i s c r e t e  jumps a t  0 .2 second 
i n t e r v a l s  w i t h  p o s i t i o n  e r r o r s  c o r r e c t e d  by saccades i n  t h e  d i r e c t i o n  o f  tar-  
get  motion;  4 )  the  f requency response was c a l c u l a t e d  by  an  on - l ine  d ig i t a l  
computer which performed a Four i e r  ana lys i s  o f  t he  eye  movement response  to  
random con t inuous  inpu t ;  t he  r e su l t an t  marked peak gain near 2.5 c y c l e s  p e r  
second i s  cons is ten t  wi th  the  sampl ing  da ta  sys tem opera t ing  wi th  a 0.2 s e c -  
ond  sampling pe r iod ;  and 5) inaccuracy  of  saccades  assoc ia ted  wi th  an t ic ipa-  
t i on  o f  squa re  wave t a rge t  mo t ion  ind ica t e s  t ha t  such  saccad ic  movements are 
based on previously remembered p o s i t i o n ,  and f o r  0 .2  second preceding the 
saccade no visual  information can modify i t s  course.  
These  def in ing  exper iments  he lp  to  make prec ise  the  meanings  of  in te r -  
mi t tency ,   sampl ing ,   and   re f rac tory   per iod .   In te rmi t tency  means the   p rope r ty  
o f  s topp ing  o r  ceas ing  behav io r  fo r  a time. Sampl ing   impl ies   tha t   the  sys- 
t e m  i s  connected  only a t  d i s c r e t e  times. The r e f r a c t o r y  p e r i o d  i s  a concept 
t h a t  a f t e r  a response  the  system  cannot  respond  again.  The p e r i o d i c i t y  o f  a 
sampler may b e  r e g u l a r  o r  i r r e g u l a r ;  i t  may be  c lock  synchronized  or  input  
synchronized as i n  t h e  c a s e  o f  t h e  e y e  t r a c k i n g  movement control  system. 
The f i r s t  few f i g u r e s  w i l l  i l l u s t r a t e  c e r t a i n  o f  t h e  sampled data pro- 
p e r t i e s  o f  t h e  e y e  t r a c k i n g  movement system. The g e n e r a l  s e r v o a n a l y t i c  a s -  
pec t s   o f   t h i s   sys t em were reviewed i n   t h e   p r e v i o u s   c h a p t e r   o f   t h i s   r e p o r t .  
Figure 2 . 1 ,  which demonstrates  the pulse  response of  the eye t racking system, 
shows a ta rge t  mot ion  of  10 d e g r e e s  f r o m  r i g h t  t o  l e f t  and then  back  aga in  
Figure 2.1 Pulse  response of the  eye  tracking 
system. 
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from l e f t  t o  r i g h t .  A p p r o x i m a t e l y  0.2 s e c o n d  f o l l o w i n g  t h e  i n i t i a l  t a r g e t  
movement b o t h  . t h e  l e f t  a n d  r i g h t  e y e  moved to  fo l low the  t a rge t .  These  move- 
. ments were r a p i d  s a c c a d i c  jumps  which i n  t h e  model are considered as d i s c r e t e  
p o s i t i o n - e r r o r  c o r r e c t i o n s .  The s l igh t   rounding   of   these   saccades  are a con- 
sequence  o f  t he  f in i t e  power o f  t h e  e y e  m u s c l e s ,  t h e  i n e r t i a  of t h e  e y e b a l l ,  
and  the  r e s i s t i ng  fo rce  o f  t he  an tagon i s t i c  musc le s .  Approx ima te ly  0 .2  sec- 
ond f o l l o w i n g  t h e  r e t u r n  o f  t h e  t a r g e t  t o  i ts  i n i t i a l  p o s i t i o n  t h e  e y e s  made 
a second jump back  toward t h e i r  o r i g i n a l  p o s i t i o n .  I n  t h i s  c a s e ,  however, 
an  e r ro r  o f  approx ima te ly  two degrees  pe r s i s t ed ,  and  0.2 second fol lowing the 
second  saccade a t h i r d  c o r r e c t i v e  s a c c a d e  o c c u r r e d ,  a g a i n  i n  b o t h  e y e s .  The 
t o p  t r a c e  shows t h e  d e r i v a t i v e  o f  l e f t  e y e  p o s i t i o n .  T h i s  i n d i c a t e s  t h e  r a p i d  
v e l o c i t y  o f  t h e  p o s i t i o n - c o r r e c t i n g  s a c c a d e  i n  t h e  f i r s t  and  second  movements 
and t h e  r a t h e r  l o w e r  v e l o c i t y  w h i c h  o c c u r r e d  i n  t h e  t h i r d  small c o r r e c t i v e  
saccade. 
Figure 2.2 shows the  impulse  response  of   the  eye  t racking  system. Here 
t h e  t a r g e t  jumped r a p i d l y  f r o m  r i g h t  t o  l e f t  and t h e n  w i t h i n  50 mil l i s econds  
jumped back  to  i t s  o r i g i n a l  p o s i t i o n .  The e y e s  w a i t e d  t h e i r  0 .2  second o r  
more r e f r a c t o r y  d e l a y  p e r i o d  b e f o r e  making t h e  i n i t i a l  movement to  fo l low the  
t a r g e t .  A t  t h e  time t h i s  movement had been completed there  a l ready had  ensued 
a l o n g  e n o u g h  p e r i o d  f o r  t h e  c o n t r o l  s y s t e m  t o  r e a l i z e  t h a t  t h e  t a r g e t  had 
r e t u r n e d  t o  i t s  b a s e l i n e  p o s i t i o n .  However, a per iod  of  a t  least 0.2 second 
was r e q u i r e d  b e f o r e  t h e  e y e s  c o u l d  r e t u r n . t o  t h e i r  o r i g i n a l  p o s i t i o n  w i t h  a 
second  pos i t ion-er ror   cor rec t ing   saccade .  The r equ i r emen t   t ha t   t he   con t ro l  
system wait a minimum of 0.2 s e c o n d  t o  f i n i s h  i t s  response t o  an impulse of 
t a r g e t  p o s i t i o n  i s  a crucial  experiment  in  proving the sampled data  model .  
T h i s  i n d i c a t e s  t h a t  t h e r e  i s  n o t  j u s t  a t r a n s p o r t  d e l a y  i n  t h e  e y e  moventent 
sys t em bu t  t ha t  t he re  i s  a n  a c t u a l  r e f r a c t o r y  p e r i o d  b e f o r e  a second command 
can be acted upon. 
Figure 2.3 shows ano the r  set o f  r e s u l t s  similar to  F igu res  2 . 1  and 2.2 .  
Here we see the  response  of  the  eye  movement sys tem to  a pu l se  and t o  a n  i m -  
pu lse   showing  the   genera l   fea tures   descr ibed   above .   In   addi t ion ,   the   appear -  
ance of a d i v e r g e n c e  w i t h  t h e  i n i t i a l  s a c c a d e  and a s low co r rec t ion  fo r  con-  
vergence during the next  second i s  c h a r a c t e r i s t i c  o f  many s u b j e c t s  e s p e c i a l l y  
when they  are f a t i g u e d .  
Figure 2.4 aga in  shows an impulse response of the eye tracking movement 
system. An i n t e r e s t i n g  f e a t u r e  o f  t h i s  r e s p o n s e  i s  the   decreased   ga in   o f   the  
system. Here the  eyes  have  no t  fu l ly  made a 10 degree movement i n  r e s p o n s e  
t o  t h e  10 degree  impu l se  o f  t a rge t  pos i t i on .  By t h e  t i m e  a c o r r e c t i o n  would 
have been possible  the second saccade returning the eyes to  the basel ine 
p o s i t i o n  had a l ready   occur red .  It i s  a l s o  p o s s i b l e  t o  see some divergence 
and  convergence  type movement i n  t h i s  trace. F igu re  2 . 4  a l s o  shows a spon- 
t aneous  r igh t  and  l e f t  movement of   the  eye.   This  i s  a common type  of  search ing  
movement which of ten occurs  when s u b j e c t s  are looking  about  in  the  exper imenta l  
apparatus .  Of i n t e r e s t  i s  t h e  f a c t  t h a t  t h e s e  two movements which  quickly 
followed one another are spaced 0 .2  second apart .  
Figure 2.5 shows the  response  of  the  eye  movement sys t em to  a p a r a b o l i c  
i n p u t .  I n i t i a l l y  t h e  e y e s  make a la rge  saccade  and  then  remain  re la t ive ly  
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Figure 2.2 Impulse  response of the  eye  tracking 
system. 
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Figure 2.3 Pulse and impulse response of the  
eye tracking system compared. 
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Figure 2.4 Pulse  response of the  eye  tracking  system 
together  with  a  spontaneous movement. 
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Figure  2.5 Response of eye movement system t o  a pa rabo l i c  
i npu t .  
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s t a t iona ry .   The re  i s  a series of small s a c c a d i c   c o r r e c t i o n s   a b o u t   a r g e t  . 
posi t ion which occur  approximately 0.2 second apar t  dur ing  th i s  pre l iminary  
phase  of  the  experiment. It can  be  noted i n  t h e  t o p  trace, t h e  e y e - r a t e  o r  
eye -de r iva t ive  trace, t h a t  t h e  v e l o c i t y  o f  t h e  e y e  i s  vary ing  f rom pos i t ive  
t o  n e g a t i v e  d u r i n g  t h i s  series o f  small saccades.  Now t h e  t a r g e t  s tar ts  i t s  
parabol ic  course  and  i t  i s  seen that  the responses  of  the eye are a series 
of cons t an t  ve loc i ty  segmen t s  s epa ra t ed  by  shor t  co r rec t ive  saccad ic  jumps. 
The cons tan t  ve loc i ty  segments  are t h e  b e s t  t h a t  t h e  e y e  movement system can 
do f o r  a n  u n p r e d i c t a b l e  s i g n a l  s i n c e  i t  has  on ly  pos i t i on  and v e l o c i t y - c o r -  
r e c t i n g  loops and  no acce le ra t im-cor rec t ing  loop .  I f  it had a n  a c c e l e r a t i o n -  
co r rec t ing  loop  it c o u l d  p u t  i n  a c o n s t a n t  a c c e l e r a t i o n  term and then the 
c o r r e c t i o n s  i n  v e l o c i t y  would be random about t h i s  c o n s t a n t  a c c e l e r a t i o n  res- 
ponse. However, t h e  f a c t  t h a t  a l l  t h e  p o s i t i o n  and v e l o c i t y  c o r r e c t i o n s  are 
i n  t h e  same d i r e c t i o n ,  t h a t  i s ,  the  eye  i s  always lagging the target  and the 
v e l o c i t i e s '  are a l w a y s  g e t t i n g  g r e a t e r ,  i s  ev idence  tha t  t he re  i s  no a c c e l e r a -  
t i o n  c o n t r o l  l o o p  i n  t h e  e y e  movement system. By looking a t  the  eye  der iva-  
t i v e  t r a c e , o n e  c a n  see t h a t  a l l  the  ve loc i ty  segments  are going i n  t h e  same 
d i r e c t i o n  d u r i n g  t h e  p a r a b o l i c  t a r g e t  movement, t h a t  i s ,  t hey  are a l l  going 
upward i n  t h i s  p a r t i c u l a r  t o p  trace. 
In Figure 2.6 i s  shown some f i lm record ings  of  persons  reading  tex tua l  
material. I n   b o t h   i l l u s t r a t i o n s ,   t h e  same course  of   events  i s  shown. The 
f i r s t  two s t r i p s  o f  f i l m  show normal  reading and here  the saccadic  nature  of  
the  eye movements i n  r e a d i n g  is  very  apparent .  The r i g h t  hand  long s t r i p  o f  
f i l m  i n  t h e  i l l u s t r a t i o n s  o f  t h e  combined f i g u r e  2.6 is des igned  to  show t h e  
e f fec t   o f   " speed-reading"   t ra in ing  upon  eye  movements. Here i t  i s  shown 
~ t h a t   h e   s a c c a d i c  movements even  though  they  appear ,   are   very small i n  ampli- 
t ude  and  the  eyes  r ema in  r e l a t ive ly  f ixed  in  ho r i zon ta l  pos i t i on ,  on ly  moving 
from r i g h t  t o  l e f t  a t  the end of  a p a g e  ( i n  t h e  v e r y  r i g h t  hand film t r a c e )  
t o  go from t h e  l e f t  hand t o  t h e  r i g h t  hand  pages  of  the  open  book.  Although 
t h i s  i l l u s t r a t i o n  i s  i n  t h i s  p r e s e n t  c o n t e x t  u s e d  m a i n l y  t o  i l l u s t r a t e  t h e  
saccadic nature of normal reading movements,  i t  s e r v e s  t o  a l s o  show t h e  i m -  
por tance of  eye t racking movements to  the normal  funct ioning performance of  
a human be ing  ( and  e spec ia l ly  in  a d i f f i c u l t  o r  s t r e s s f u l  t a s k  s u c h  a s  c o n -  
t r o l  o f  a space  veh ic l e ) .  
Figure 2.7 i s  a block diagram of  the sampled data  model  for  eye t racking 
movements. It i n c l u d e s   t h e   t a r g e t   a n g l e ,   t h e   e r r o r ,   o r   d i f f e r e n c e   b e t w e e n   e y e  
angle  and  ta rge t  angle ,  a sample r  fo r  t he  in t e rmi t t ency  ope ra to r ,  two c o r r e c t i o n  
loops --one the saccadic  posi t ion correct ion and the other  the pursui t  veloci ty  
correct ion.   These two c o r r e c t i o n s  t h e n  sum t o  command the  muscle  and  eyeball  
dynamics to   p roduce   eye   ang le .   Seve ra l   non- l inea r i t i e s   such  as dead  zones, 
limiters, and p u r s u i t  s a t u r a t i o n s  are a l s o  i n d i c a t e d  a l t h o u g h  f o r  many pur- 
poses  these  can  be  omi t t ed  in  p red ic t ing  r e sponses  o f  t he  mode l  w i th  su f f i c i en t  
g e n e r a l i t y  t o  b e  u s e f u l .  As w e l l ,  the  muscle and eyeball   dynamics  can  be 
o m i t t e d  f o r  c e r t a i n  p r e d i c t i o n s .  
For  the  present  a rgument  the  most  impor tan t  fea tures  of  th i s  model ' a re  
the  sampl ing  ope ra to r  o r  t he  in t e rmi t t ency  ope ra to r .  Fu r the r  ev idence  w i l l  
shor t ly  be  g iven  concern ing  another  cont ro l  sys tem,  the  pupi l  cont ro l  sys tem,  
which does not have such a sampler,  so  t h a t  t h e  r e a d e r  c a n  e v a l u a t e  f o r  
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Figure 2.6 Examples of discrete  movements  occurring  with 
normal reading. 
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Figure 2.7 Sampled  data model of the  eye  movement 
system (20) 
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himsel f  the  impor tance  of  the  da ta  ind ica t ing  the  sampl ing  proper t ies  
of  the  eye- t racking  movement system. 
A second point  of  importance,  and t h i s  w i l l  be  the  main p o i n t  
o f  t h i s  s e c t i o n  o f  t h e  r e p o r t ,  i s  t h a t  t h e  s a m p l i n g  o p e r a t o r  i n  t h i s  
model  need  not  be i n  a n y  o n e  p a r t i c u l a r  t o p o l o g i c a l  p o s i t i o n .  F o r  
p u r p o s e s  o f  c o n v e n i e n c e  i n  i l l u s t r a t i o n  i t  has been placed near t h e  
sensory end of  the system. It could as well  be  p laced  in  the  motor  pa thway 
o r  i n  any  of  the  in te rvening  cont ro l  pa thways .  When w e  t r y  t o  p e n e t r a t e  
benea th  th i s  "b l ack  box" d e s c r i p t i o n  o f  t h e  c o n t r o l  s y s t e m  f o r  e y e - t r a c k i n g  
movements  and t o  u n d e r s t a n d  t h e  n a t u r e  o f  t h e  n e u r o l o g i c a l  and neurophysio- 
l o g i c a l  o p e r a t i o n s  and o p e r a t o r s  t h a t  ex is t  i n  t h e  b r a i n  t o  p e r f o r m  t h e s e  
va r ious  func t ions ,  w e  w i l l  see tha t  exper imenta l  ev idence  exists which 
helps  us  to  determine where indeed the sampling operator  or  intermit tency 
o p e r a t o r  exis ts  i n  t h e  b r a i n .  
- The Pupi l lary  Control   System 
The pup i l l a ry  con t ro l  sys t em i s  a cont inuous  system. By t h i s  w e  
m a n  t h a t  i t  does not have a r e f r ac to ry  pe r iod  such  as i l l u s t r a t e d  i n  t h e  
eye movement t racking  sys tem.  Clear ev id , ence  o f  t h i s  can  be  seen  in  
Fig.  2.8 which shows a series o f  ave rage  r e sponses  to  l i gh t  pu l se s  o f  
vary ing  wid ths .  A s  t h e  w i d t h  o f  t h e  l i g h t  p u l s e  g e t s  v e r y  small t h e  
pulse  approaches  an  impulse.  We see t h a t  t h e  p u p i l  h a s  a similar 0.2 t o  0.3 
second time d e l a y  as the   eye- t racking  movement system  does.  However, t h e  
pupi l  responds to  the end of  the impulse as soon as  the end of  the impulse 
has  occurred.  It does not have  to  wai t  a n  a d d i t i o n a l  r e f r a c t o r y  p e r i o d  f o r  
t h i s  p a r t  of t he  r e sponse  to  occur .  The dynamics  of   the   pupi l lary  system 
a re  in  the  ma in  cons t r a ined  by  the  t r i p l e  l ag  e l emen t s  i n  the  neu ro -  
muscular and muscular elements of the pupillary system. 
A b lock  d iagram of  the  pupi l  sys tem i s  shown i n  F i g .  2 .9 .  Here w e  
see the  con t inuous  pa th  f rom re t ina l  f l ux  th rough  the  log  and r e t i n a l  
adap ta t ion  ope ra to r s  t o  op t i c  ne rve  impu l ses ,  a t ranspor t  de lay  through 
the neuro-muscular  and muscular  e lements  which then yield the pupi l lary 
area. T h i s  p u p i l l a r y  area i s  then  mul t ip l i ed  by  ex te rna l  i n t ens i ty  due  to  
t h e  g e o m e t r y  o f  t h e  p u p i l l a r y  a p e r t u r e  t o  y i e l d  r e t i n a l  f l u x .  B e c a u s e  o f  
the  s low dynamics  of  the  pupi l la ry  muscula ture  i t  i s  d i f f i c u l t  t o  see 
the  ope ra t ion  o f  t he  neu ra l  e l emen t s  c l ea r ly  i n  these  experiments .  However, 
t he  pup i l l a ry  sys t em has  the  fo l lowing  cha rac t e r i s t i c s  wh ich  are d i f f e r e n t  
t h a n  t h a t  o f  the   eye- t racking   sys tem.  1) There i s  no r e f r a c t o r y  p e r i o d  i n  
fo l lowing  success ive  s t imu l i  ( t he  0.2 s e c  d e l a y  i s  n o t  a r e f r a c t o r y  p e r i o d ) .  
2) Under  open  loop  cond i t ions  the  pup i l  d r i f t s  con t inuous ly  r a the r  t han  in  
s t eps .  3 )Wi th  cons t an t  t a rge t  acce le ra t ion  the  pup i l l a ry  r e sponse  i s  a 
continuous movement. 4 )  The f requency   response   o f   the   pupi l la ry   sys tem 
has  no marked peak i n  g a i n  and thus  no f e a t u r e  c o n s i s t e n t  w i t h  a poss ib l e  
sampled   da ta   opera tor .  And 5) although  the  pupil   does  not  have  any 
p r e d i c t i v e  a b i l i t y  i t  i s  clear tha t  any  sequence  of  s t imul i  have  the i r  
r e s u l t a n t  e f f e c t  o n  t h e  p u p i l l a r y  s y s t e m  o n e  d e l a y  time la te r .  
i 
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Figure 2.8 Average  response of p u p i l  t o  l i g h t  p u l s e s  of 
decreas ing   wid th .  (12) 
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Figure 2 . 9  Block diagram of  p u p i l  system. (13) 
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Summary 
We have  a t tempted  to  br ing  toge ther  the  ev idence  for  in te rmi t tency  
o r  sampling i n  t h e  e y e  movement system and t o  make t h i s  e v i d e n c e  more 
apparent  by  cont ras t ing  i t  wi th  the  cont inuous  pupi l la ry  cont ro l  sys tem.  
Although t h i s  s e r v o a n a l y t i c  d e s c r i p t i o n  o f  t h e  e y e - t r a c k i n g  s y s t e m  
d e f i n i t e l y  r e q u i r e s  a sampled d a t a  o r  i n t e r m i t t e n c y  o p e r a t o r  i t  makes  no 
s p e c i f i c a t i o n  as t o  t h e  l o c u s  o f  t h i s  i n t e r m i t t e n c y  o p e r a t o r .  The l o c a t i o n  
o f  t he  in t e rmi t t ency  ope ra to r  i s  a problem f o r  t h e  p h y s i o l o g i s t  i n t e r e s t e d  
i n   d i s s e c t i n g   i n t o   t h e   " b l a c k  box". 
POSSIBLE LOCATION OF THE INTERMITTENCY OPERATOR AT EITHER 
THE SENSORY OR THE MOTOR END 
- The Sensory End 
There has now accumulated a good d e a l  o f  e v i d e n c e  i n d i c a t i n g  t h a t  
t h e  v i s u a l  t h r e s h o l d  i s  c o n s i d e r a b l y  e l e v a t e d  f o r  a per iod of  time during 
an  eye movement. D i t chburn   i n  1959 ( 3 ) ,  L e t t v i n  i n  1960 (8), Volkman (18) 
Latour (7)  and  Davis (2)  i n  1962,  a l l  have  demonstrated  this  phenomenon. 
The c l e a r e s t  p u b l i s h e d  r e s u l t s  are those of Latour and are i l l u s t r a t e d  i n  
Fig.  2.10. This  shows tha t   t he   chance   o f   pe rcep t ion   o f  a f l a s h  o f  
l i g h t  i s  reduced  to  less than  10% during  an  eye movement. I f  v i s u a l  
p e r c e p t i o n  i s  "blanked out" a t  i n t e r m i t t e n t  p e r i o d s  r e l a t e d  t o  e y e  movements 
t hen  th i s  migh t  ve ry  well be the sampling mechanism o r  i n t e r m i t t e n c y  o p e r a t o r  
f o r  which w e  are sea rch ing .  It would  have t h e  e f f e c t  o f  s u p p r e s s i n g  t h e  
v i s u a l  image o r  t h e  i n t a k e  o f  v i s u a l  i n f o r m a t i o n  d u r i n g  a f a s t  movement 
of  the  eye  when t h e  r e t i n a l  image i s  moving r a p i d l y  w i t h  r e s p e c t  t o  
t h e  r e t i n a l  e l e m e n t s .  I n  t h i s  way a good d e a l  o f  b l u r  and loss o f  c o n t r a s t  
would be el iminated.  With visual  threshold again lowered a t  t h e  end  of t h i s  
b l ank ing  the  v i sua l  sys t em cou ld  t ake  ano the r  s igh t ing  o r  r ead ing  on  the  
t a r g e t  and t r a n s m i t  t h i s  i n f o r m a t i o n  t o  t h e  e y e  m u s c l e  command system. 
Of g r e a t  i n t e r e s t  i s  L a t o u r ' s  f u r t h e r  f i n d i n g  t h a t  t h e  s u p p r e s s i o n  
o f  v i s u a l  s e n s i t i v i t y  o c c u r r e d  e v e n  b e f o r e  a n  e y e  movement s t a r t e d .  T h i s  
c l e a r l y  p r o v e s  t h a t  i t  i s  n o t  t h e  r e l a t i v e  v e l o c i t y  o f  t h e  t a r g e t  t o  
t h e  r e t i n a  t h a t  p l a y s  a r o l e  i n  t h i s  r a i s i n g  o f  v i s u a l  t h r e s h o l d ,  e v e n  
though i t  had been shown by o t h e r  a u t h o r s  t h a t  v i s u a l  t h r e s h o l d s  are a 
f u n c t i o n  o f  t h e  t a r g e t  v e l o c i t y .  
Although, as w e  have seen above, i t  i s  p o s s i b l e  f r o m  t h i s  e x t e r n a l  
ev idence  tha t  t he  in t e rmi t t ency  ope ra to r  i s  l o c a t e d  a t  t h e  s e n s o r y  end  of 
t he  con t ro l  sys t em and f u r t h e r  t h a t  w e  have  seen  tha t  i t  might have 
c e r t a i n  t e l e o l o g i c a l l y  s a t i s f y i n g  f u n c t i o n s ,  we must merely l e t  the  
argument rest  he re  and conclude by saying, a p o s s i b l e  l o c u s  f o r  t h e  i n t e r -  
m i t t e n c y  o p e r a t o r  i s  a t  the sensory end.  
Figure 2.10 Suppressionof  visual  sensitivity  with 
a  saccadic  eye  movement. (7) 
The Motor End "- 
The c o n t r o l  s y s t e m  f o r  hand movement has been studied from a 
se rvoana ly t i ca l  po in t  o f  v i ew by  a number of  au thors  (1,5,11,14,15). 
This system i s  a n  e s p e c i a l l y  i n t e r e s t i n g  o n e  f r o m  t h e  s e r v o a n a l y t i c  
po in t  o f  v i ew s ince  so much of  the  in t imate  neurophys io logy  has  been  s tudied  
by  such  authors  as Gran i t  ( 4 ) ,  and  Matthews  and  Rushworth (9) .  The 
postural  servomechanism that  subserves  this  system can be approached by 
the  techniques  of  the  neurophys io logis t  and  an  in te res t ing  rev iew of  th i s  
material i s  a v a i l a b l e  i n  G r a n i t ' s  book ( 4 ) .  One o f  t h e  d i f f i c u l t i e s  i n  
s tudy ing  the  hand system i s  t h a t  t h e  i n e r t i a  o f  t h e  m o t o r  p o r t i o n  of t he  
system and of the load are q u i t e  well matched t o  t h e  n e u r o l o g i c a l  e l e m e n t s  
of  the  cont ro l  sys tem,  and t h e r e f o r e ,  t h e  CNS dynamical  behavior is  n o t  
as c lear  c u t  as i n   t h e   e y e  movement control   system. However,  by c a r e f u l l y  
des igning  exper iments  to  e l imina te  some o f  t h e s e  " i n e r t i a l  c o n f u s i o n  
f a c t o r s "  i t  has  been  poss ib l e  to  show t h e  sampled data nature of the hand 
cont ro l   sys tem (10). Figure  2 . 1 1 ,  a block  diagram  of   the  control   system 
f o r  hand  movement, i n d i c a t e s  t h e  p u l l - p u l l  n a t u r e  o f  t h e  c o n t r o l  s y s t e m ,  
the  double  in tegra t ion  be tween force  and  pos i t ion ,  and  the  two important 
pos tu ra l  f eedback  con t ro l  l oops  fo r  t he  agon i s t  and an tagonis t  musc les  
v ia  the  sp indle  a f fe ren t  nerve  which  dominate  the  per formance  of  the  
hand cont ro l   sys tem.   In   the   eye   movement .cont ro1   sys tem,   a l though  pro-  
p r i o c e p t o r s  e x i s t  i n  t h e  e y e  m u s c l e s ,  t h e y  p r o b a b l y  p l a y  no r o l e  i n  t h e  
eye movement i t s e l f ,  bu t  ra ther  might  have  an  e f fec t  on  coord ina t ing  head  
movement wi th  eye  movement. 
It has been shown t h a t  t h e r e  i s  a n  e s s e n t i a l  c o m p e t i t i o n  f o r  t h e  
a lpha  moto r  neu ron  o r  f ina l  common pathway by two main  e lements  for  the  
c o n t r o l  o f  hand  movements; the  pos tura l  feedback  sys tem and the  vo lun ta ry  
control   system.  Figure 2.12 (10) shows  an engineer ing  block  diagram 
rep resen ta t ion  o f  t he  con t ro l  sys t em fo r  hand  movement. F i r s t  t h e  s y s t e m  
has   been   s impl i f i ed   t o  a u n i l a t e r a l   r e p r e s e n t a t i o n .   S e c o n d l y   t h e  two 
feedback paths ,  visual  feedback and the  propr ioceptor  feedback  pa th ,  are 
shown. A t  the   point   where  the  proprioceptor   feedback  path  feeds  back  into 
the feed forward portion of the loop the switching or sampling mechanism 
is  p laced .   This   ind ica tes   tha t   the   pos tura l   feedback   sys tem i s  turned 
o f f  f o r  b r i e f  p e r i o d s  o f  time during which time voluntary-control-signals 
e x e r c i s e  dominance  over  the  f inal  common pathway.  Then a t  the  end  of  a 
vo lun ta ry  movement the  pos tura l  feedback  cont ro l  sys tem i s  aga in  permi t ted  
t o  c o n t r o l  t h e  l i m b .  
Although it i s  n o t  p o s s i b l e  a t  t h i s  time t o  d e s c r i b e  more f u l l y  t h i s  
v e r y  i n t e r e s t i n g  c o n t r o l  s y s t e m ,  i t  s e r v e s  a n  e s s e n t i a l  p o i n t  i n  t h i s  
argument.  This i s  t o  i l l u s t r a t e  a sampl ing   opera tor   occur r ing  a t  the  motor  
end  of a b io logica l   cont ro l   sys tem.   This   sys tem was e s p e c i a l l y  f a v o r a b l e  
f o r  n e u r o p h y s i o l o g i c a l  s t u d i e s  by  means o f  d i s sec t ion  o f  an ima l  p repa ra t ions  
Unfortunately the eye movement system i s  no t  as a c c e s s i b l e  and  no similar 
evidence i s  a v a i l a b l e  a t  p r e s e n t .  We thus  end  this   discussion  by  merely 
s t a t i n g  t h a t  a p o s s i b i l i t y  f o r  t h e  l o c u s  o f  t h e  i n t e r m i t t e n c y  o p e r a t o r  
f o r  t h e  e y e - t r a c k i n g  movement system might be a t  t h e  f i n a l  common 
pathway i t s e l f .  
F i i u r e  2 . 1 1  Block  diagram of the  cont ro l  sys tem for hand 
movement. (lo) 
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Figure 2.12 Block  diagram for hand movement  showing  sampling 
occurring at the motor  end. (10) 
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Neuroanatomy 
The complex neuro-anatomical pathways and nuclei involved i n  t h e  c o n t r o l  
of eye movements have been s t u d i e d  f o r  many years ,  each generat ion of  anatom- 
i s t s  a sk ing  ques t ions  tha t  phys io log ica l  d i scove r i e s  have  made p e r t i n e n t .  
As y e t ,  l i t t l e  ana tomica l  ev idence  re la t ing  to  servoanaly t ic  problems has  
appeared.  Figure 2.13  is a diagram  present ing  the  chief   components   of  
t h e  m e d i a l  l o n g i t u d i n a l  f a s c i c u l u s ,  a n  e s s e n t i a l  t rac t  l i n k i n g  t o g e t h e r  
t h e  n u c l e i  o f  t h e  e y e  m u s c l e s  i n  t h e  b r a i n  stem. Especial ly  prominent  
are v a r i o u s  v e s t i b u l a r  n u c l e i  p r e s e n t  i n  t h e  a n g l e  of t h e  b r a i n  stem. These 
v e s t i b u l a r  n u c l e i  make  many complex connect ions with the motor  nuclei  of  
t h e  o c u l a r  m u s c l e s .  I n  a n o t h e r  s e c t i o n  a review i s  a t tempted  of  the  ava i lab le  
neuroanatomical evidence concerning the control system for eye movements.  
Here, we mus t  on ly  summar ize  by  s t a t ing  tha t  c l ea r  cu t  en t i t i e s ,  t he  
ex t r aocu la r  musc le  nuc le i ,  ex i s t  and  are t h e  f i n a l  common pathways f o r  
the  motor  command s igna ls   to   the   eye   musc les .   There  are some accessory 
ex t r aocu la r  musc le  nuc le i  as w e l l  as some a c c e s s o r y  v e s t i b u l a r  n u c l e i  
wh ich  p robab ly  p l ay  an  e s sen t i a l  ro l e  i n  in t eg ra t ing  the  command s i g n a l s  
f o r  e y e - t r a c k i n g  movements. I n  l o w e r  a n i m a l s  t h e  s u p e r i o r  c o l l i c u l i  p l a y  
a n  i m p o r t a n t  r o l e  i n  v i s u a l  i n t e g r a t i o n  and t h e r e  i s  some c l i n i c a l  
e v i d e n c e  t h a t  t h e  s u p e r i o r  c o l l i c u l i  p l a y  a n  i m p o r t a n t  r o l e  i n  primates 
in   t he   con t ro l   func t ion   fo r   eye   musc le s .   Var ious   h ighe r   cen te r s   such  
as t h e  o c c i p i t a l  c o r t e x  and the  "eye f i e l d ' '  p o r t i o n  o f  t h e  f r o n t a l  l o b e  
co r t ex  a s  well as t h e  l a t e r a l  g e n i c u l a t e  b o d i e s  e x i s t  c l o s e r  t o w a r d  t h e  
sensory  end. The r e t i n a  i t s e l f  i s  the  mos t  pe r iphe ra l  po r t ion  o f  t he  senso ry  
pathway  and i s  a c t u a l l y  p a r t  o f  t he  cen t r a l  ne rvous  sys t em i t s e l f .  
Summary 
This  second sect ion of  this  chapter  has  a t tempted to  assemble evidence 
f o r   t h e   l o c a t i o n   o f   t h e   i n t e r m i t t e n c y   o p e r a t i o n .  T h i s  evidence  has 
been shown to be reasonable  but  not  complete .  A f u r t h e r  p o r t i o n  o f  t h i s  
s e c t i o n  h a s  a t t e m p t e d  t o  d e s c r i b e  b r i e f l y  some of the neuroanatomical 
r eg ions  fo r  t he  con t ro l  o f  eye  movements where in  the  in t e rmi t t ency  
opera tor  might  be  loca ted .  
MULTI-INPUT ANALYSIS METHOD 
Simplified Block Diagram of the Eye Movement System 
The m u l t i - i n p u t  a n a l y s i s  method i s  one  e spec ia l ly  adap ted  to  
b io logica l  sys tems where in  of ten  one  motor  cont ro l  e lement  se rves  as t h e  
e f f e c t o r  o r g a n  f o r  a number of  sensory input  e lements .  The eyebal l  muscula-  
t u r e  i s  an  exce l len t  example  of  th i s .  The eyeba l l s  r e spond  by  vo lun ta r i ly  
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Figure 2.13 A diagram  presenting  the  chief  components  of 
the  medial  longitudinal  fasciculus. (6) 
Past. commiwum 
t r a c k i n g  v i s u a l  t a r g e t s ,  by converging and diverging upon targets moving 
c l o s e r  and f u r t h e r  away,  by  making r e f l e x  movements i n  r e s p o n s e  t o  v e s t i b u l a r  
s t i m u l i ,  b y  making compensating reflex movements t o  r o t a t i o n s  o f  t h e  h e a d ,  
and  by several o t h e r  t y p e s  o f  movements. B io log ica l  con t ro l  sys t ems  are 
o f t e n  d i f f i c u l t  t o  d i s s e c t  i n t o  and t o  t a k e  a p a r t  i n  o r d e r  t o  s t u d y  t h e i r  
i so l a t ed   e l emen t s .  We, the re fo re ,   mus t   o f t en   u se  more s u b t l e  i n p u t - o u t p u t  
"black box" techniques (such as the  mul t i - i npu t  ana lys i s  me thod)  in  o rde r  
t o  s u b s t i t u t e  f o r  a c t u a l  d i s s e c t i o n .  T h i s  t e c h n i q u e  i s  t o  s t u d y  r e s p o n s e s  
t o  d i f f e r e n t  t y p e s  o f  s e n s o r y  i n p u t s  w h i c h  e n t e r  t h e  c o n t r o l  s y s t e m  a t  
d i f f e r e n t  r e g i o n s  a n d  t h u s  e f f e c t i v e l y  i s o l a t e  and de f ine  in t e rmed ia t e  e l emen t s .  
Figure 2.14 i s  a s impl i f ied  b lock  d iagram of  the  eye  movement c o n t r o l  
sys t em.  F i r s t  i s  shown t h e  t a r g e t  a n g l e  i m p i n g i n g  o n  t h e  f i r s t  b l o c k  
o r  t h e  r e t i n a .  I n f o r m a t i o n  i s  c a r r i e d  by t h e  o p t i c  t ract  t o  t h e  h i g h e r  
centers ,  which  inc ludes  the  l a te ra l  g e n i c u l a t e  b o d i e s ,  t h e  v i s u a l  and 
f r o n t a l  m o t o r  c o r t e x  and t h e  c o l l i c u l a r  areas. The next   block i s  l abe led  
a c c e s s o r y  v e s t i b u l a r  n u c l e i  and may a l so  inc lude  such  accesso ry  nuc le i  as 
the  accessory  abducens  nucleus.  Then as w e  descend  further  toward  the  motor 
system we come t o  t h e  e y e  m u s c l e  n u c l e i  o r  t h e  f i n a l  common pathway.  This 
l e a d s ,  by  means of  the motor  nerves ,  to  the eye muscles  and t h e  e y e b a l l  
which f ina l ly  de te rmine  the  angle  of  gaze .  A visua l  ta rge t  impinges  on  the  
r e t i n a  a t  the  very  beginning  of   the  system. A ves t ibu la r  s t imu lus  goes  
v i a  t h e  v e s t i b u l a r  n u c l e i  i n t o  t h e  a c c e s s o r y  v e s t i b u l a r  n u c l e i  a n d  t h e n  
to   the  eye  muscle   nuclei .   Other   pathways,   leading more d i r e c t l y  t o  t h e  
eye muscle  nuclei ,  are the  convergence  s igna ls  and  a l so  the  s igna ls  dr iv ing  
compensatory ref lex eye movements i n  r e sponse  to  pas s ive  head  ro t a t ion .  
With th i s  s impl i f i ed  d i ag ram to  he lp  us  o rgan ize  behav io ra l  ev idence  
w e  w i l l  a t t e m p t  t o  show t h a t  t h e  s t a r r e d  b l o c k ,  c a l l e d  a c c e s s o r y  v e s t i b u l a r  
n u c l e i ,  i s  t h e  l o c a t i o n  o f  t h e  i n t e r m i t t e n c y  o p e r a t o r  o r  t h e  s a m p l i n g  
element   of   the   sampled  data   system.  Brief ly   the  evidence i s  as fol lows . 
That a l l  inputs  which  pass  through th is  accessory  ves t ibu lar  nuc le i  show 
evidence   o f   in te rmi t tency .  All inputs   which  enter   below  this   nucleus do 
n o t  show such  ev idence  of  in te rmi t tency  but  a re  ra ther  cont inuous  cont ro l  
systems.  Therefore,  i t  i s  sugges t ed   t ha t   t he   l ocus   o f   t he   i n t e rmi t t ency  
o p e r a t o r  is  here .  
Behavioral Evidence. 
Eye-tracking movements. We have  a l r eady  r a the r  fu l ly  r ev iewed  the  
ev idence  tha t  t he  eye - t r ack ing  movements are the responses  of  a sampled 
da ta  cont ro l  sys tem.  This  i s  t r u e  f o r  b o t h  t h e  p o s i t i o n  and ve loc i ty  con-  
t r o l  e l e m e n t s  and w e  have shown t h a t  t h e r e  i s  no a c c e l e r a t i o n  o r  h i g h e r  
der iva t ive   feedbacks .   This  i s  t r u e ,   o f   c o u r s e ,   o n l y   f o r   u n p r e d i c t a b l e  
movements because as has been shown  by S t a r k ,  Young and  Vossius (16 ) ,  t h e  
con t ro l  sys t em fo r  eye  t r ack ing  movements has  an  exce l l en t  p red ic t ion  ope r -  
a t o r  which serves t o  mask t h e  b a s i c  i n t e r m i t t e n t  o p e r a t i o n  o f  t h e  s y s t e m  
i n  r e s p o n s e  t o  u n p r e d i c t a b l e  i n p u t s .  
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Figure 2.14 Block Diagram f o r  Motor Con t ro l .  
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Optokinetic  nystagmus movements. Optokinetic  nystagmus movements are 
an example of a v i s u a l  i n p u t  d i f f e r e n t  from a v o l u n t a r i l y  t r a c k e d  t a r g e t .  
Here t h e  s u b j e c t  i s  directed to  gaze ahead and to  ignore the scene upon which 
he  gazes.   This  scene is a cons t r a ined  series of s t r i p e s  t r a v e l i n g  a c r o s s  a 
t e l e v i s i o n  s c r e e n  a t  a rate and a direct ion determined by the experimenter .  
The s low phase  of  the  optokine t ic  nys tagmus  represents  a " s t i c k i n g "  o f  t h e  
r e t i n a  o n  t h e  s t r i p e d  t a r g e t .  The fas t   phase   represents ,   mos t   p robably ,   an  
a t t empt  by  the  f ixa t ion  o r  t he  pos i t i on -co r rec t ion  sys t em to  keep  the  eye  
a p p r o x i m a t e l y  i n . t h e  d i r e c t i o n  of forward  gaze.  Figure 2.15 shows a number 
of  exper iments  on  optokine t ic  nys tagmus  of  th i s  type .  The i n s e t s  i n  t h e  
u p p e r  r i g h t  hand. c o r n e r  o f  t h e  f i g u r e  show ord inary  optokine t ic  nys tagmus  
g o i n g  i n  e i t h e r  d i r e c t i o n .  The i n s e t  i n  t h e  u p p e r  l e f t  hand co rne r  shows a 
pe r iod  of  s low decl ine of  optokinet ic  nystagmus and then again an increase 
i n  v e l o c i t y  o f  t h e  s l o w  p h a s e .  Why t h i s  a l e r n a t i o n  i n  s l o w  p h a s e  v e l o c i t y  
occurred i s  no t  known. The main  t races  show eye ra te  and  eye p o s i t i o n  as 
a func t ion  o f  time when t h e  t a r g e t  c o n s i s t s  o f  two sets o f  s t r i p e s  moving 
i n  o p p o s i t e  d i r e c t i o n s  o n  t h e  same t e l e v i s i o n  s c r e e n .  Here we see t h e r e  i s  
an  a l t e rna t ion  be tween  movement i n  o n e  d i r e c t i o n  and movement i n  t h e  o t h e r  
d i r e c t i o n  w i t h  p e r i o d s  of  very s low moving slow phase i n  between. The e s sen -  
t i a l  po in t  t o  be  no ted  i s  t h a t  t h e r e  i s  a n  i n t e r m i t t e n c y  i n  t h i s  o p t o k i n e t i c  
nystagmus i n  t h a t  t h e  f a s t  p h a s e s  do no t  come c l o s e r  t o g e t h e r  t h a n  0 . 2  s e c -  
onds  apar t .   This  is  e v i d e n c e  t h a t  e v e n  i n  t h i s  r e f l e x  e y e  movement t h e  i n -  
t e r m i t t e n c y  o p e r a t o r  i s  a c t i v e .  Thus we ,wou ld   expec t   t o   l ook   fo r   t he   i n t e r -  
m i t t e n c y  o p e r a t o r  i n  some por t ion  of  the  eye  movement cont ro l  sys tem common 
t o  b o t h  t h e  v o l u n t a r y  and r e f l e x  r e s p o n s e  t o  image inpu t .  
Vest ibular   nystagmus.   Vest ibular   nystagmus  can  be  caused  by  s t imulat ing 
t h e  v e s t i b u l a r  s y s t e m  e i t h e r  by r o t a t i n g  t h e  s u b j e c t  i n  w h i c h  c a s e  o n e  p r o -  
duces  pr imary  ves t ibu lar  nys tagmus ,  or  by s t o p p i n g  t h e  s u b j e c t  a f t e r  h e  has 
been rotated in  which case one produces a pos t - ro t a to ry  ves t ibu la r  nys t agmus .  
Other  methods  of  s t imula t ing  the  ves t ibu lar  organs  or  semi-c i rcu lar  cana ls  
are by  means o f  h o t  o r  c o l d  c a l o r i c  s t i m u l i  o r  by  means of DC e l e c t r i c a l  c u r -  
r e n t s .  It has  been shown t h a t  t h e  s e m i - c i r c u l a r  c a n a l s  r e s p o n d  t o  a c c e l e r a -  
t i o n  e i t h e r  i n d i r e c t l y  by acce le ra t ing  the  head  as i n  normal v e s t i b u l a r  
s t i m u l i  o r  i n  r o t a t o r y  o r  p o s t - r o t a t o r y  v e s t i b u l a r  nystammus, o r  d i r e c t l y  
by  p roduc ing  fo rced  acce le ra t ion  o f  t he  f lu id  in  the  semi -c i r cu la r  cana l s  
by  means o f  t h e  c a l o r i c  s t i m u l i .  The G a l v a n i c  o r  e l e c t r i c a l  s t i m u l a t i o n  
s i t u a t i o n  p r e s u m a b l y  s t i m u l a t e s  t h e  s e n s o r y  c e l l s  o r  t h e  n e r v e  e n d i n g s  
d i r e c t l y .  F i g u r e  2.16 t aken   f rom  an   a r t i c l e  by Wendt ( 1 9 ) ,  i l l u s t r a t e s  t h e  
slow  and fas t  phase  of  ves t ibu lar  nys tamus .  Of i n t e r e s t  i n  t h i s  d i a g r a m  i s  
f i r s t ,  t h e  l a c k  o f  a n  i n i t i a l  d e l a y  time o r  r e s p o n s e  time, and  second,  the 
i n t e r m i t t e n c y  i n  t h e  v e s t i b u l a r  nystagmus which seems t o  o c c u r  a t  a p p r o x i -  
mately 0.2 s econd  in t e rva l s .  The lack  of  de lay  time probably  has   to   do  with 
d i r e c t y y  th rough  the  ves t lbu la r  nuc le i  and t h e  a c c e s s o r y  v e s t i b u l a r  nuc e l  
t h e  i n  u t  of vest ibular  nystagmus circumventing t h e  h i g h e r  c e n t e r s  
a d y i n g  
to  the  eye  moto r  nuc le i ,  eye  moto r  ne rve  f ibe r s  and thence  to  the  eye  musc les .  
It has been shown above  tha t  the  dynamics  of  eye  musc les  and  eyebal l  are no t  
l i m i t i n g  i n  t h e  r e s p o n s e  o f  t h e  e y e  o r  o n l y  v e r y  s l i g h t l y  so and thus one 
migh t  expec t  t ha t  i f  t he  ma in  de l ays  are i n  t h e  h i g h e r  c e n t e r s  t h a t  v e s t i b u l a r  
nystagmus  might  not show these   de l ays .  Most importantly,   however,  i s  t h e  
f a c t  t h a t  t h e  i n t e r m i t t e n c y  a p p e a r s  t o  be ve ry  similar t o  t h a t  seen i n  t h e  
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Figure 2.15 Optokinetic  nystagmus. (Work in progress 
at M.I.T. on optokinetic  nystagmus) 
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Figure 2.16 Vestibular nystagmus. (19) 
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tracking  movements  and  in  the  optokinetic  nystagmus.  This  suggests 
that  the  intermittency  operator  might  be  present in some common  part  of 
the  pathway. The  only comon parts  of  the  pathway  now  remaining  for 
both  the  visual  inputs  and  vestibular  inputs  are  the  accessory  vestibular 
nuclei,  the  eye  muscle  nuclei  and  the  eye  muscle  and  eyeball. 
Convergence eye movements.  Convergence  eye  movements  were  reviewed 
in the  previous  chapter  and  it  was  shown  that  this  is  a  clear  cut  continuous 
system.  The  convergence  eye  movements  must  at  least  utilize  the  eye  motor 
nuclei  and  eye  muscles  and  eyeball.  Thus  we  have  definite  evidence  that 
the  intermittency  operator  does  not  exist  in  the  eye  motor  nuclei  or 
in  the  eye  muscles  and  eyeball  itself. 
Compensatory movements. Compensatory eye movements occur to passive 
rotation  of  the  head.  These  are  very  primitive  reflexes  and  can  be  shown 
in humans  easily  only  in  pathological  cases.  For  example,  if  a  subject 
has  suffered  severe  brain  disease  and  is  unable  to  voluntarily  follow 
a  moving  target  he  may  still  be  able  to  maintain  fixation  of  his  eyes  in  a 
particular  direction  and  further  maintain  this  fixation  by  means  of 
compensatory  movements  acting  against  disturbances  produced  by  passive 
rotation  of  his  head.  This  is  a  well-known  phenomenon i  clinical  neurology 
although  no  evidence  with  recordings  seems  to  exist in the  published 
literature  of  this  phenomenon. It might  be  possible  also  to  demonstrate 
this  phenomenon  in  subjects  whose  vestibular  system  is  saturated  by  means 
of  ongoing  stimuli  and  responses,  by  superimposing  compensatory  eye  movements 
as  described  here  upon  this  active  vestibular  response. It might  also be 
possible  by  means  of  drugs  to  eliminate  the  intermittency  operator.  There 
is  evidence  that  barbiturates,  although  they  do  not  affect  the  intermittency 
operator,  seem  to  prevent  the  pursuit  phase  of  eye  tracking  movements  and 
the  slow  phase of optokinetic  nystagmus. It might  be  that  some  drug  would 
act  to  knock  out  the  intermittency  operator  and  still  permit  the  compensatory 
eye  movements  to  occur.  Figure 2.17 shows  a  response  of  a  normal  subject 
making  compensating  eye  movements  to  passive  rotation of the  head.  It  can 
be  seen  that  no  intermittency  effects  appear in this  experiment.  Again 
as  in  the  case  of  the  convergence  signals  the  compensatory  signals  must 
pass  through  the  eye  motor  nuclei,  the  eye  muscles  and  eyeball.  Thus 
the  intermittency  operator  should  be  located  above  the  eye  motor  nuclei. 
Location  of  the  Intermittency  Operator  by  means  of  the  Multi-Input 
Analysis  Technique 
We  now  see  that  by  means  of  at  least  five  different  inputs  to  the 
eye  muscle  system we have  been  able  to  suggest a location  for  the 
intermittency  operator  at  about  the  level  of  the  accessory  vestibular 
nuclei.  Later  reports  will  indicate  neuroanatomical  evidence  which  is 
consistent  with  this  point  of  view.  However,  we  can  now  tentatively 
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Figure 2 . 1 7  Compensatory Eye Movement i n  Response t o  Passive 
Head Turning. 
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eliminate  both  the  sensory  end  and  the  motor  end in this  system  as  candidates 
for  the locus of  the  intermittency  operator. It will  be  remembered  that 
there  was  no  direct  evidence  concerning  the  eye  muscles  and  the  location  of 
the  intermittency  operator  at  the  motor  end.  This  was  merely an argument  by 
analogy  with  the  control  system  for  hand  movement. 
Evidence  for  the  presence  of  the  intermittency  operator  at  the  sensory 
end was, however,  quite  interesting,  although  also  indirect,  and  it  may  pay 
us to  review  this  evidence  at  the  level  of  the  accessory  vestibular  nuclei. 
However,  we  will  postpone  these  speculations  until  the  last  section  of  this 
report. 
Summary 
In  this  section we have  attempted  to  illustrate  the  usefulness  of  multi- 
input  analysis  by  reviewing  the  behavioral  evidence  in  the  light  of  a  simpli- 
fied  block  diagram  for  the  eye  movement  control  system.  We  have  been  able 
tentatively  to  locate  the  intermittency  operator  at  the  level  of  the  acces- 
sory  vestibular  nuclei  and  we  have  been  able  apparently  to  exclude  all  regions 
closer  to  the  sensory  or  motor  end  of  this  system. 
SUGGESTIONS  FOR  FUTURE  EXPERIMENTS 
Motor  Exp,eriments 
It is  suggested  from  the  review  of  the  behavioral  experiments  in  the 
preceding  section  that  evidence  exists  in  the  literature  to  locate  the in- 
termittency  operator  at  the  level of the  accessory  vestibular  nuclei. 
However,  much  of  this  evidence  was  obtained  with  varying  degress  of  accur- 
acy  of  recording  instrumentation  and  in  different  laboratories  without  the 
intention of comparing  results  or  having  the  results  come  out  in  similar 
form  for  easy  and  valid  comparison.  The  first  experiment  that  should  be 
done  in  conjunction  with  the  above  hypothesis  for  the  locus  of  the  inter- 
mittency  operator  is  to  repeat  all  of  these  motor  experiments on the  same 
set  of  subjects  under  the  same  conditions  and  to  show  eye  tracking  movements, 
optokinetic  nystagmus,  vestibular  nystagmus,  convergence  movements,  compen- 
satory  eye  movements,  all  done  at  the  same  time  under  similar  conditions 
for  comparative  purposes.  Although  one  can  roughly  outline  and  sketch,  as 
we have  done  in  the  Preceding  section,  what  the  results  of  these  experiments 
will  be, it is  not  clear  that  in  detail  the  results  can  be  predicted  from 
evidence  now  available  in  the  literature. 
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Visual Suppression Experiments 
We have seen i n  t h e  s e c o n d  s e c t i o n  o f  t h i s  r e p o r t  how t h e  v i s u a l  s u p p r e s -  
s ion  exper iments  were shown t o  c o r r e l a t e  w i t h  e y e  movements. We now  know t h a t  
t hey  are probably  not  the  source  of  the  in te rmi t tency  opera t ion ;  however ,  they  
are c l e a r l y  l i n k e d  w i t h  t h e  i n t e r m i t t e n c y  o p e r a t o r .  I n  F i g u r e  2.18 which i s  
a more complex b lock  d iagram of  the  cont ro l  sys tem for  eye  movements, t h e r e  
i s  a dashed  l i ne  l ead ing  f rom the  accesso ry  ves t ibu la r  nuc le i .  t o  t he  h ighe r  
cen te r s .  Th i s  i s  p o s t u l a t e d  t o  b e  a feedback path for  visual  suppression from 
the  locus  o f  t he  in t e rmi t t ency  ope ra to r  t o  the  h ighe r  cen te r s .  Thus ,  w e  are 
r e v e r s i n g   t h e   r e l a t i o n s h i p   i n i t i a l l y   s u g g e s t e d .   T h a t  is;  in s t ead   o f   t he   v i sua l  
suppress ion  be ing  the  mechanism for  producing  in te rmi t tency ,  w e  now are looking 
a t  t h e  i n t e r m i t t e n c y  as a pr imary  opera tor  and searching for pathways by which 
i t  may c o n t r o l  t h e  v i s u a l  s u p p r e s s i o n  mechanism. 
A series of experiments should be performed whereby the various movements, 
such as vest ibular  nystagmus and optokinet ic  nystagmus (al though optokinet ic  
nystagmus i s  of less importance) are shown to  p roduce  o r  no t  t o  p roduce  the  
v i sua l  suppres s ion  phenomenon t h a t  o c c u r s  i n  c o r r e l a t i o n  w i t h  t h e  v o l u n t a r y  
saccad ic  movements. O f  pr imary  importance  would  be  the  demonstrat ion  that  
ves t ibu la r   s accades  do  produce  visual  suppression.  This i s  an  important  and 
crucial  experiment  and w e  understand that the Systems Biology Laboratory a t  
M.I.T. i s  undertaking these experiments .  
Although a c e n t r i f u g a l  pa thway f rom higher  centers  to  re t ina  i s  sketched 
i n ,  it i s  no t  be l i eved  tha t  such  a pathway e x i s t s  i n  humans o r  a t  least t h e r e  
i s  as y e t  no c l ea r - cu t  ev idence  tha t  such  a pathway e x i s t s .  An experiment  of 
i n t e r e s t  would  be t o  compare t h e  e l e c t r o r e t i n o g r a m ,  ERG, and t h e  evoked poten- 
t ia l  f rom the  v i sua l  co r t ex ,  E,P, w i t h  v i s u a l  s e n s i t i v i t y  as a f u n c t i o n  o f  t h e  
t e m p o r a l  r e l a t i o n s h i p  o f  v i s u a l  s t i m u l u s  and saccadic   eye  movement. I f  EvP 
and v i s u a l  s e n s i t i v i t y  showed corresponding suppression during a saccade then 
t h i s  would  be a n i ce  ob jec t ive  co r re l a t e  o f  t he  v i sua l  suppres s ion .  Nex t ,one  
could  look a t  t h e  ERG. I f  t h i s  showed the  suppres s ion  du r ing  a saccade it 
would  be  impor tan t  ev idence  for  cent r i fuga l  f ibers  f rom the  eye  movement 
c o n t r o l  c e n t e r s  b a c k  t o  t h e  r e t i n a .  
The l ack  o f  p re sen t  ev idence  fo r  such  cen t r i fuga l  f i be r  f eedback  i s  most 
a s ton i sh ing  s ince  one  would expect i n  any present  day engineer ing system a 
g rea t  dea l  o f  f eedback  would e x i s t  t o  a complex per iphera l  comput ing  center  
rece iv ing   sensory   in format ion .   Perhaps  some new p r inc ip l e   o f   con t ro l   sys t ems  
whereby such feedback would be disadvantageous from a h ighe r  l eve l  po in t  o f  
view should be explored. 
It would a l s o  b e  o f  i n t e r e s t  t o  show that  convergence and compensatory 
movements do  no t  p roduce  v i sua l  suppres s ion  s ince  they  do  no t  ac t iva t e  the  
i n t e r m i t t e n c y  o p e r a t o r .  
The well-known phenomenon t h a t  t h e  s a c c a d i c  movement of an eye has no 
e f f e c t  o n  t h e  p e r s o n ' s  s p a t i a l  o r i e n t a t i o n  s i n c e  t h e  p r e d i c t e d  c h a n g e  i n  
p o s i t i o n  of t h e  r e t i n a  h a s  a l r e a d y  b e e n  a l l o w e d  f o r  i n  terms o f  t h e  g e n e r a l  
s p a t i a l  o r i e n t a t i o n  o f  t h e  i n d i v i d u a l ,  may have a b e a r i n g  i n  t h i s  c o n n e c t i o n .  
Figure 2.18 Block Diagram f o r  Motor Control and for Feedback 
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Might  not  the  same  feedback  path  from  intermittency  operator  to  visual 
suppression  at  the  higher  centers  also  be  the  pathway  whereby  the  pre-computed 
eye  movement  is  allowed  for in terms  of  spatial  orientation.  Since  the  eye 
muscles  operate  with  large  forces on a  fixed  small  load  most  pre-computations 
of expected  eyeball  position  would  be  accurate  and  there  is  no  need  for 
proprioceptor  feedback  to  check  this  as in the  case of the  hand  where  varying 
loads  are  always  present.  Thus  between  samples  the  eye  movement  system  is 
essentially  operating  open-loop  and  this  is,  teleologically  speaking,  a  wise 
thing  to  do. It may  lead  to  some  confusion  if  there  is  a  paralysis  of  a 
muscle  in  that  the  expected  movement of the  eye  does  not  occur  and  the  pre- 
computation  causes  the  spatial  orientation  system  to  make  an  error  and  to 
visualize  the  world  as  moving when neither  the  eye  nor  the  world  moved. 
There  have  been  clinical  reports  of  patients  without  vestibular  function, 
due  to  streptomycin  toxicity,  who  report  "dancing  movements"  of  the  world. 
Evidently  without  vestibular  compensation  the  neck  proprioceptors  have  to 
perform  compensatory  eye  movements.  Since  these  are  continuous'  movements  no 
intermittency  operator  with  its  associated  visual  suppression  and  spatial- 
precomputation  operators  acts.  Thus,  these  reflex  compensatory  eye  movements 
without  spatial-precomputation  may  produce  "dancing  movements"  of  the  world. 
It  would  be  interesting  to  see  if  accommodative-convergence-eye-movements 
activate  the  spatial-precomputation  operator. 
Pupillary  Experiments 
Also shown in Figure 2.18 are  the  pupillary  pathways:  the  pupillary 
fibers  of  the  optic  fibers  of  the  optic  tract  lead to the  pre-tectal  nucleus, 
then  to  the  Edinger-Westphal  nucleus  in  the  third  nerve  nucleus  complex,  and 
thence  to  the  iris  muscles  to  control  pupil  area.  The  higher  centers  and 
accessory  vestibular  centers  do  not  seem  to  be  directly  involved  in  the 
pupillary  pathways.  We  thus  would  expect and,  indeed, find  no  intermittency 
operator, as shown in the  first  section where  the  pupil  was  shown  to  be  a  continuous 
system.  We  further  expect  no  visual  suppression  mechanism  and we thus  expect 
to  see  no  elevation of  threshold  in  terms  of  pupillary  sensitivity.  This  is 
an  experiment  that  could  be  done  with  equipment  present  in  the  Systems  Biology 
Laboratory of M.I.T. In  fact,  its  execution  is presently  being  planned.  Here 
a  voluntary  saccadic  eye  movement  will  occur,  a  flash  of  light wil  produce  a 
pupillary  response  which  will  be  measured  when  the  eye  is  in  its  final position 
in the  pupillometer  at  the  end of the  saccadic  movement.  Parallel  graphs  of 
elevation  of  visual  threshold  and  non-elevation  of  retinal  threshold  as  is 
measured  by  pupillary  sensitivity will be  plotted.  This  is  the  expected 
result,  but  this  again  is  a  crucial  and  important  experiment. 
Summary 
DeMorgan  in  his  "Budget of Paradoxes"  has  stated  that  the  wrong  hypothesis 
rightly  worked  is  more  fruitful  than  chaos.  We  hope  that our analysis  of  the 
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loca t ion  of  the  in te rmi t tency  opera tor  us ing  the  b lock  d iagram above  and  the  
m u l t i - i n p u t ,  s e r v o a n a l y t i c ,  and neurophys io log ica l  t echn iques  d i scussed  in  
t h i s  r e p o r t  w i l l  enab le  a number of  experiments  to  be performed and their  
r e s u l t s  i n t e r p r e t e d .  I f  t h e  h y p o t h e s i s  and   theor ies  are i n c o r r e c t  t h e y  w i l l  
be  ab le  to  be  qu ick ly  and c l e a n l y  e l i m i n a t e d .  I f  t h e y  s t i l l  s t a n d  a f t e r  t h e  
suggested experiments have been performed then i t  w i l l  be a t r i b u t e  t o  t h e  
a p p l i c a t i o n  o f  e n g i n e e r i n g  a n a l y s i s  t o  a complex b io log ica l  sys t em.  
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CHAPTER I11 
CONTROL OF EYE MOVEMENTS: NEUROANATOMICAL CONSIDERATIONS 
INTRODUCTION 
Although there  i s  a n  e x t e n s i v e  l i t e r a t u r e  o n  t h e  anatomy of the 
cont ro l  of  eye  movements i n  a l l  animal  species  including pr imates  and 
man, the  da ta  has  been  ga thered  by many d i f f e r e n t  t e c h n i q u e s  d u r i n g  t h e  
l a s t  one  hundred  years. Much o f  t h e  d a t a  i s  i n  c o n f l i c t  d e p e n d t n g  upon 
the  pa r t i cu la r  t echn ique  used ,  t he  an ima l  spec ie s  used ,  as well  as t h e  
approach  of  the  experimenter.   Perhaps i t  would b e  b e s t  t o  b e g i n  t h i s  
d i scuss ion  wi th  a s u r v e y  o f  t h e  t e c h n i q u e s  a v a i l a b l e  f o r  t h e  s t u d y  o f  
. t he  anatomy of  the   cen t ra l   nervous   sys tem.  The p a r t i c u l a r  assets and 
l i a b i l i t i e s  of each technique w i l l  be d i scussed .  
Anatomical Techniques 
H i s t o l o g i c   s t a i n s .  The central   nervous  system  compris ing  the 
b ra in  and  the  sp ina l  chord ,  cons i s t s  o f  g roups  o f  ne rve  ce l l s ,  t he  
neurons,  which are o r g a n i z e d   i n t o   n u c l e i .  The ex tens ions   o f   t hese  
neurons,  t.he axons,  can be as s h o r t  as 0.050 mm o r  as long as s e v e r a l  
cen t ime te r s .  The axons  end on o the r  neu rons ,  t he  connec t ion  be ing  v i a  
a synapse .  In  add i t ion ,  t he re  i s  an  ex tens ive  ne twork  o f  o the r  ce l lu l a r  
e l e m e n t s ,  t h e  g l i a l  c e l l s ,  w h i c h  are thought  to  have  some s e c o n d a r y  e f f e c t  
on  ne rvous  ac t iv i ty  by a f fec t ing  the  metabol i sm of  the  neurons .  However, 
a t  t h e  p r e s e n t  time, nerve impulses appear to pass from one neuron along 
i t s  axon  across  a s y n a p t i c  c l e f t  t o  t h e  n e x t  n e u r o n .  The v a s t  m a j o r i t y  
of axons are covered  wi th  a f a t t y  s h e a t h  o f  m y e l i n ,  w h i c h  a c t s  as an 
i n s u l a t i n g  material for  the  axon.  One c a n  s e l e c t i v e l y  s t a i n  t h e  Nissl 
g r a n u l e s  i n  t h e  c e l l  b o d i e s  o f  t h e  n e u r o n s  b y  u s i n g  c r e s y l  v i o l e t ,  
and  the  myel in  shea th  by  us ing  an  appropr ia te  hematoxyl in  s ta in  
(Weigart   or  Loyez s t a i n ) .  I n  t h i s  manner ,   the   var ious   nuc le i   can   be  
d e f i n e d  o n  t h e  b a s i s  o f  t h e i r  c r e s y l  v i o l e t  s t a i n i n g ,  and t h e  f i b e r  
tracts of  the  axons  enshea thed  in  myel in  can  be  de l inea ted .  However, 
s i n c e  t h e r e  are many m i l l i o n s  o f  c e l l s  and n e r v e  f i b e r s  i n  t h e  c e n t r a l  
nervous  system, i t  i s  imposs ib le  to  de te rmine  how one c e l l  i s  connected 
wi th   another   us ing   th i s   t echnique   exc lus ive ly .   Consequent ly ,   addi t iona l  
experimental maneuvers are necessary .  
Neuron  and  axon  degeneration. I f  a small s u r g i c a l  l e s i o n  i s  made 
" 
i n  a pa r t i cu la r  ne rve  pa thway  o f  t he  cen t r a l  ne rvous  sys t em,  the  axon  
and i t s  m y e l i n  c o v e r i n g  d i s t a l  t o  t h i s  l e s i o n ,  w i l l  degenera te .   This  i s  
ca l l ed  Wal l e r i an  degene ra t ion .  On the   o ther   hand ,   the   p roximal   por t ion  
of  the  nerve  f . iber  wi th  i t s  c e l l  body o f  o r i g i n  may o r  may not  degenerate .  
Very o f t e n  t h e r e  w i l l  be changes seen i n   t h e   c e l l  body of the neuron,  
n o t e d  w i t h  c r e s y l  v i o l e t  s t a i n s .  T h i s  c h a n g e  c o n s i s t s  o f  a d i f f e r e n c e  
i n  t h e  p a t t e r n  o f  t h e  Nissl granules  of  the  ce l l  body and is  r e f e r r e d  
t o  as ch romato lys i s .   I f ' t hese   changes  are p a r t i c u l a r l y   s e v e r e ,   t h e  
c e l l  body may ac tua l ly  degenera te  and  d isappear .  This  process  i s  c a l l e d  
re t rograde  degenera t ion .  Wal le r ian  degenera t ion  can  be  de tec ted  by  
s t a in ing  the  degene ra t ing  mye l in  shea th  us ing  the  March i  s t a in  and 
one can t race the course of  the axon.  This  had  been  the  most  popular 
technique  unt i l   approximately  ten  years   ago.   Although 'it d id  g ive  an  
accurate  picture  of  the course of  the axon by i t s  myel in  degenera t ion ,  i t  
was qui te  d i f f icu l t  to  de te rmine  where  any  par t icu lar  axon ended .  
More recent ly  th i s  has  been  accompl ished  by the  use  of  the  Nauta  s ta in .  
With th i s  s t a in ,  t he  degene ra t ing  axon  and i t s  e n d i n g s  s t a i n ,  and t h e s e  
endings can be seen to  terminate  on a p a r t i c u l a r  n e u r o n .  It would  be 
d e s i r a b l e  f o r  t h e  f i b e r  t r a c t s  p r e v i o u s l y  d e s c r i b e d  by the Marchi method 
to  be  r e inves t iga t ed  us ing  the  Nau ta  t echn ique .  Th i s  i s  n o t  p o s s i b l e  
f rom  the   p rac t ica l   po in t   o f   v iew.   In   se lec t ive   cases ,   however ,   the  
p ic ture  de te rmined  by  the  Nauta s t a in  has  been  much c l e a r e r  t h a n  t h a t  
determined  previously by the  Marchi  technique. When re t rograde   de-  
g e n e r a t i o n  r e s u l t s  i n  a l o s s  o f  c e l l  b o d i e s  i n  a nucleus,  i t  can be 
determined by the loss o f  s t a i n i n g  w i t h  c r e s y l  v i o l e t .  
Transneuronal   degenera t ion .   In  some t rac t   sys tems  such  as t h e  o p t i c  
nerve,  Waller ian degenerat ion proceeds dis ta l ly  f rom the eye and does not  
s t o p  a t  the  next  ce l l  connec t ion  but  proceeds  across  the  synapse  and  
results in   a t rophy  of   the  next   neuron.   This   a t rophy  which  proceeds 
across   the  synapse i s  c a l l e d   t r a n s n e u r o n a l   d e g e n e r a t i o n .   U s i n g   t h i s  
t echn ique ,  t he  p ro jec t ion  o f  t he  r e t ina  on t h e  l a t e r a l  g e n i c u l a t e  n u c l e u s  
one  synapse removed  from the opt ic  nerve,  has  been mapped (1). 
A l l  the  above  techniques  can  be  appl ied  to  the  exper imenta l  an imal  
qu i t e   success fu l ly .   These   t echn iques   can   o f t en   be   app l i ed   t o   c l i n i ca l  
ca ses  coming t o  a u t o p s y ,  as mentioned  below i n  t h e  s e c t i o n  on c l i n i c o -  
p a t h o l o g i c a l  c o r r e l a t i o n s .  
Physiological  Techniques 
Abla t ion .  In  exper imenta l  an imals ,  a l e s i o n  o f  a nuc leus  o r  a nerve 
t r ac t  has  been  p roduced  su rg ica l ly  o r  by placement of microelectrodes in the 
b ra in .  Fo l lowing  such  l e s ions  in  wh ich  the  t i s sue  i s  destroyed,   one  can 
observe  the  change  in  behavior  of  the  exper imenta l  an imal ,  a long  wi th  the  
pa t t e rn  o f  eye  movements. The obse rva t ion  of behavior  can  be  done  immed.iate- 
l y  fo l lowing  the  acu te  p roduc t ion  o f  t he  l e s ions  o r  a t  some la te r  time i n  t h e  
chronic  animal .  
Elec t r ica l  s t i m u l a t i o n .  I n s t e a d  o f  r e m o v a l  o f  b r a i n  t i s s u e ,  n u c l e i  o r  
tracts of t h e  c e n t r a l  n e r v o u s  s y s t e m  c a n  b e  s t i m u l a t e d  e l e c t r i c a l l y .  D u r i n g  
or  fo l lowing  such  s t imula t ion ,  the  behavior  and  eye  movements of the  an ima l  
may be observed immediately or  sometime fol lowing the posi t ioning of chroni -  
c a l l y  i m p l a n t e d  m i c r o e l e c t r o d e s  i n t o  t h e  b r a i n .  If t h e  s t i m u l a t i o n  i s  con- 
f i n e d  t o  a v e r y  small area of  the  bra in ,  p resumably  cer ta in  neurons  and  nervous  
pathways w i l l  be  b rough t  i n to  ac t iv i ty ;  t hese  pa thways  would  be  cor re la ted  wi th  
t h e  p a r t i c u l a r  b e h a v i o r  o b s e r v e d .  
Phys io log ica l   s t imu la t ion .  It i s  g e n e r a l l y  assumed t h a t  e l e c t r i c a l  
s t i m u l a t i o n  as o u t l i n e d  i n  t h e  above  sect ion i s  q u i t e  a r t i f i c i a l .  The behavior  
r e su l t i ng  f rom such  s t imu la t ion  may have no bearing on the behavior of the 
ambient  animal.  Consequently more phys io log ica l  s t i m u l i  are used  such as 
f l a s h e s  of l i g h t  t o  t es t  t h e  v i s u a l  s y s t e m .  
S t imula t ion  o f  a n u c l e u s ,  t r a c t  o r  p a r t i c u l a r  s e n s o r y  s y s t e m  w h i l e  
record ing  e l e c t r i c a l  a c t i v i t y  e l s e w h e r e  i n  t h e  b r a i n .  T h i s  t e c h n i q u e  h a s  
gained much impor tance   recent ly .  I f  one   w i shes   t o   fo l low  the   cour se   o f  
t h e  r e s p o n s e  t o  a s t i m u l u s ,  f o r  e x a m p l e ,  t h a t  t o  a f l a s h  o f  l i g h t  a l o n g  t h e  
sensory pathways i n  t h e  b r a i n ,  i t  i s  p o s s i b l e  t o  p l a c e  r e c o r d i n g  e l e c t r o d e s  
i n  t h e  a p p r o p r i a t e  s i tes  a n d  r e c o r d  t h e  e l e c t r i c a l  a c t i v i t y  s e c o n d a r y  t o  t h e  
l i g h t  s t i m u l u s .  I n  t h i s  manner  one  could trace the   course   o f   the   nervous  
impulse se t  o f f   by   t he   l i gh t   f l a sh .   Th i s   t echn ique   can   o f t en   be  combined 
wi th  ab la t ion  expe r imen t s .  
S p l i t - b r a i n  p r e p a r a t i o n .  A more recent  development  of  neurophysiologi- 
c a l  technique has  made u s e  o f  t h e  f a c t  t h a t  t h e  b r a i n  c o n s i s t s  o f  two cere- 
bra l  hemispheres  wi th  similar i f  n o t  i d e n t i c a l  p r o p e r t i e s ,  a t  l eas t  i n  s u b -  
human s p e c i e s .  The hemispheres are in t e rconnec ted  wi th  each  o the r  v i a  a 
series of f i b e r  t r ac t s ,  the   l a rges t   be ing   the   corpus   ca l losum.   I f   the   con-  
nec t ions  are s e v e r e d  s u r g i c a l l y ,  o n e  c a n  i s o l a t e  a c t i v i t y  i n  one  cerebra l  
hemisphere  from a c t i v i t y  i n  t h e  o t h e r .  I f  a l l  o p t i c  n e r v e  f i b e r s  w h i c h  c r o s s  
i n  t h e  o p t i c  c h i a s m  a r e  s u r g i c a l l y  c u t ,  a l l  information seen by the right eye 
w i l l  e n t e r   t h e   r i g h t   c e r e b r a l   h e m i s p h e r e .  A l l  in format iun   seen   wi th   the   l e f t  
eye w i l l  on ly  en te r  t he  l e f t  ce reb ra l  hemisphe re .  Consequen t ly  an  an ima l  can  
l e a r n  o n e  t a s k  u s i n g  t h e  r i g h t  e y e  w i t h  t h e  l e f t  e y e  c o v e r e d  and ano the r  
u s ing   t he  l e f t  eye   w i th   t he   r i gh t   eye   cove red .   Ab la t ion   expe r imen t s   i n   one  
cerebra l  hemisphere  or  the  o ther  w i l l  a l low a comparison between the normal 
hemisphere   wi th   the   hemisphere   conta in ing   the   par t icu lar   l es ion .  Such ex-  
per iments  are more r e l i a b l e  as t o  t h e  r e p e a t a b i l i t y  of t h e  d a t a .  
In  genera l  on ly  those  exper iments  having  the  s i t e  o f  l e s i o n  v e r i f i e d  
ana tomica l ly  w i l l  b e  d i s c u s s e d  i n  t h i s  p a p e r .  Most d e s i r a b l e  i s  an  anatomi- 
c a l - p h y s i o l o g i c a l   c o r r e l a t i o n .  I f  one   s t imula tes  a nuc leus ,  i t  must  be 
r e q u i r e d  t h a t  a l e s i o n  b e  made in  th i s  nuc leus  which  can  be  de te rmined  ana-  
t omica l ly  a t  the   conclus ion   of   the   exper iment .   Correspondingly   i f  a nerve 
f i b e r  t r ac t  i s  seen  to  degene ra t e  fo l lowing  an  ab la t ion ,  one  shou ld  be  ab le  
t o  r e c o r d  t h e  a b s e n c e  o f  n e r v o u s  a c t i v i t y  a l o n g  t h i s  t rac t  u s i n g  e l e c t r o -  
phys io log ica l  t echn iques .  
Cl in ico -pa tho log ica l  Cor re l a t ions  
Many of  the experiments  noted above occur  spontaneously in  man through 
the   occurence   o f   d i sease   o f   the   cen t ra l   nervous   sys tem.   There  are d e f e c t s  
produced i n  n u c l e i  o r  n e r v e  t rac ts  by tumors o r  o t h e r  l e s i o n s  as well  as 
p a t h o l o g i c a l  s t i m u l a t i o n  o f  n u c l e i  and n e r v e  t r a c t s  as i n  c a s e s  o f  e p i l e p s y .  
On t h e  b a s i s  of c l i n i c a l  e x p e r i e n c e  w i t h  s u c h  c a s e s ,  c e r t a i n  c o r r e l a t i o n s  
have been made r e l a t i n g  t h e  c l i n i c a l  symptoms and t h e  s i t e  of t h e  p a r t i c u -  
lar  l e s i o n .  Such e m p i r i c a l  c o r r e l a t i o n  is  t h e  b a s i s  upon  which  the  pract ice  
of   neurology and neurosurgery rests. There  has  not  been,  however, as f r e -  
q u e n t  p a t h o l o g i c a l  v e r i f i c a t i o n  o f  t h e  a c t u a l  s i t e  o f  l e s i o n  as one  might 
wish .  Consequent ly  ne i ther  the  ex ten t  of  the  ac tua l  les ion  nor  the  presence  
o f  o t h e r  l e s i o n s  i n  a d d i t i o n  t o  t h o s e  c o n s i d e r e d  c l i n i c a l l y  c a n  a l w a y s  b e  
de t e rmined .   Neve r the l e s s ,   i n  some s e l e c t i v e   s t u d i e s ,   t h e r e   h a s   b e e n   e x c e l -  
l e n t  p a t h o l o g i c a l  v e r i f i c a t i o n  o f  c l i n i c a l  d i s e a s e .  From such   da ta ,   va lu-  
able  contr ibut ions have been made t o  t h e  anatomy  and f u n c t i o n  o f  t h e  c e n t r a l  
nervous  ystem.  Such  contributions  are  few. 
PURPOSE OF THIS REPORT 
Material Used 
Two sources  of  experimental  material w i t h  some excep t ions ,  w i l l  form 
t h e  b a s i s  o f  t h i s  r e p o r t .  M a t e r i a l  b a s e d  upon primate  anatomy  and  physiology 
of  the central  nervous system w i l l  be used provided there i s  agreement be- 
tween the   phys io log ica l  and  anatomical  data.  In a d d i t i o n ,  c l i n i c a l  d a t a  from 
human m a t e r i a l  w i l l  be used provided there i s  good pa thologica l  conf i rmat ion .  
Due to  wide  spec ies  var ia t ions ,  in format ion  f rom the  ca t ,  rabbi t  and  o ther  
mammals w i l l  no t  be  cons idered  in  t h i s  d i s c u s s i o n .  
S p e c i f i c  O b j e c t i v e s  
There are two o b j e c t i v e s  i n  t h i s  r e p o r t .  The f i r s t  i s  t o  d e f i n e  t h o s e  
neu ra l  pa thways  fo r  t he  con t ro l  o f  eye  movements f o r  which there i s  no major 
d i sagreement   concern ing   the   exper imenta l   da ta .   Secondly ,   the   poss ib i l i t i es  
f o r  l o c a l i z i n g  t h e  i n t e r m i t t e n c y  o p e r a t o r  w i l l  be  d iscussed .  
73 
THE VISUAL SYSTEM 
Sensory Input  - Visua l  
Ret ina.  The r e t i n a  i s  p a r t  o f  t h e  c e n t r a l  r a t h e r  t h a n  t h e  p e r i p h e r a l  
nervous  system,  being  an  outgrowth  of  the  primary  neural   tube.  The l a y e r s  
o f  t h e  r e t i n a  are different ia ted  f rom  the  neuroectoderm.  There are t h r e e  
d i s t i n c t   c e l l   l a y e r s   w i t h   i n t e r c o n n e c t i o n s  as fol lows ( 2 ) :  a- The l a y e r  
of rods and cones represent  the percipient  e lements  and contain the photo-  
p i g m e n t s  w h i c h  r e a c t  t o  l i g h t  f a l l i n g  o n  t h e  r e t i n a  and presumably i n i t i a t e  
t h e  e l e c t r i c a l  i m p u l s e .  The rods  and  cones  respond  only  to   changes  in   the 
amount o f   l i g h t  and t o  the   co lor   (wavelength)   o f   the   l igh t .  The c e l l  b o d i e s  
o f  t he  rods  and  cones  cons t i t u t e  t he  f i r s t  o r  ou te rmos t  l aye r  o f  ce l l s  and  
are connec ted  wi th  the  second  l aye r  o f  ce l l s  ca l l ed  b ipo la r  ce l l s .  
b-  The b i p o l a r  c e l l s  r e c e i v e  i n p u t  from e i t h e r  small numbers of cones 
i n  t h e  f o v e a  ( t h e  area o f  h i g h e s t  l i g h t  s e n s i t i v i t y  and v i s u a l  a c u i t y  i n  
t h e  r e t i n a ) ,  o r  f rom large numbers of  rods  and/or  cones  in  o ther  areas 
o f  t h e  r e t i n a .  They i n  t u r n  r e l a y  t h e  e l e c t r i c a l  i m p u l s e  t o  t h e  t h i r d  
l a y e r  o f  c e l l s ,  t h e  g a n g l i o n  c e l l s .  The g a n g l i o n  c e l l s  make up the  most  
i n t e r n a l  l a y e r  o f  c e l l s  o f  t h e  r e t i n a ,  b e i n g  c l o s e  t o  t h e  v i t r e o u s  
c a v i t y .  It may b e  n o t e d  t h a t  l i g h t  e n t e r i n g  t h e  e y e  a n t e r i o r l y  p a s s e s  
through  the  gangl ion c e l l  l a y e r ,  t h e  b i p o l a r  c e l l  l a y e r ,  t h e  l a y e r  o f  
c e l l  b o d i e s  o f  t h e  r o d s  and  cones ,  to  reach  the  photopigments  in  the  
o u t e r  segment   of   the   rods  and  cones.   This   inverted  re t ina i s  c h a r a c t e r i s t i c  
of a l l  v e r t e b r a t e s .  The g a n g l i o n  c e l l  r e c e i v e s  i n p u t  f r o m  a r e l a t i v e l y  
l a r g e  number of  rods  and/or  cones.  I ts  axon  extends  f rom  the  re t ina 
t o  t h e  lateral  gen icu la t e   nuc leus   i n   t he   t ha l amus   o f   t he   b ra in .   In   t he  
f i r s t  p o r t i o n  o f  t h i s  c o u r s e ,  t h e  axon of the ganglion c e l l  i s  r e f e r r e d  
t o  as t h e  o p t i c  n e r v e .  A t  the   ch iasma,   those   gangl ion  ce l l s  n a s a l  t o  t h e  
fovea  have  axons  which  cross   to   the  opposi te   s ide  of   the  brain.   Those 
gangl ion   ce l l s   which  are temporal   to   the  fovea,   remain  uncrossed.   After  
the chiasma the axon i s  r e f e r r e d  t o  as t h e  o p t i c  t r ac t  u n t i l  i t  reaches 
t h e  l a t e ra l  gen icu la t e   nuc leus .   E lec t r i ca l   r eco rd ing   has   no t   been  
p o s s i b l e  f r o m  e i t h e r  t h e  c e l l  b o d i e s  o f  the  rods  and  cones  or  the  b ipolar  
cel ls .  The f i r s t  d a t a  a v a i l a b l e  are record ings  f rom the  gangl ion  ce l l .  
It appea r s  t ha t  t he  gang l ion  ce l l  can  be  exc i t ed  o r  i nh ib i t ed  in  i t s  
e l e c t r i c a l  a c t i v i t y  by l i g h t  f a l l i n g  o n  a d i s c r e t e  area i n  t h e  v i s u a l  
field of the  exper imenta l  animal. This  area i n  the v i s u a l  f i e l d  s u b t e n d s  
a s p e c i f i c  number of deg rees  o f  v i sua l  a r c  and  invo lves  a number of rods 
and/or  cones .  That  por t ion  of  the  v isua l  f ie ld  which ,  when s t imu la t ed  by 
a s p o t  o f  l i g h t ,  w i l l  c a u s e  t h e  g a n g l i o n  c e l l  t o  be e x c i t e d  o r  i n h i b i t e d  
i s  c a l l e d  t h e  r e c e p t i v e  f i e l d  o f  t h e  g a n g l i o n  c e l l .  The r e c e p t i v e  f i e l d  
i s  d i v i d e d  i n t o  two c o n c e n t r i c  areas w i t h  e i t h e r  a c e n t r a l  area causing 
e x c i t a t i o n  o f  t h e  g a n g l i o n  c e l l  and the per ipheral  doughnut  shape area 
c a u s i n g  i n h i b i t i o n ,  o r  v i c e  v e r s a .  ( F o r  f u r t h e r  d i s c u s s i o n  o f  t h e  o r g a n i -  
z a t i o n   o f   r e c e p t o r   f i e l d ,   c o n s u l t   r e f e r e n c e  3 . )  In   p r ima tes  and man, i t  
appea r s  t ha t  a l l  t h e  o p t i c  n e r v e  f i b e r s  are myelinated. There do not seem 
t o  be  any e f f e r e n t  n e r v e s ,  i . e .  n e r v e  f i b e r s  c o m i n g  f r o m  t h e  c o r t e x  t o  
t h e   r e t i n a .  However, i t  mus t  be s t a t e d  t h a t  op t ic   nerve   f rom primates 
o r  man has  not  been examined with the electron microscope to  determine whether  
ve ry  th in  non-medu l l a t ed  ne rve  f ibe r s  do  ex is t .  
- The la te ra l  gen icu la t e   nuc leus .   In   p r ima tes  and man, a l l  o p t i c   n e r v e  
f i b e r s  s u b s e r v i n g  v i s i o n  a p p e a r  t o  s y n a p s e  w i t h  a neuron  of  the  l a t e ra l  
gen icu la t e  nuc leus .  The re .does  no t  seem t o  b e  a n y  o t h e r  a f f e r e n t  i n p u t  t o  
t h e  la teral  gen icu la t e   nuc leus .   Ne i the r  are t h e r e  a n y  a f f e r e n t  f i b e r s  
f rom h ighe r  v i sua l  cen te r s .  The p r o j e c t i o n  o f  t h e  r e t i n a  i n  t h e  l a te ra l  
genicu la te  nuc leus  has  been  de termined  for  monkey and man on  the  bas i s  of  
t ransneuronal   a t rophy  s tud ies .   There  i s  a d e f i n i t e  r e t i n o t o p i c  r e p r e s e n t a t i o n  
o f  t h e  r e t i n a  o n  t h e  l a te ra l  gen icu la t e  nuc leus  wi th  the  fovea  be ing  r ep re -  
sen ted  a t  t he  cauda l  po le  o f  t he  nuc leus ,  and t h e  p e r i p h e r a l  p o r t i o n s  o f  t h e  
r e t i n a  r e p r e s e n t e d  as one moves r o s t r a l l y  i n  t h e  n u c l e u s .  The exac t   connec t ion  
be tween opt ic  nerve  f iber  and  genicu la te  neurons  has  not  ye t  been  examined .  
Although there are abou t  one  mi l l i on  op t i c  ne rve  f ibe r s  and  one m i l l i o n  g e n i -  
culate  neurons,  one cannot  s t a t e  t h a t  e a c h  o p t i c  n e r v e  f i b e r  e n d s  on only one 
geniculate   neuron.  However, t h e r e  i s  good e v i d e n c e   t o   i n d i c a t e   t h a t  small 
r e t ina l  l e s ions  o f  one  eye  w i l l  produce a t r ansneurona l  a t rophy  in  th ree  o f  
the   s ix   l amina   of   each  l a t e ra l  gen icu la t e   nuc leus .  Each nuc leus   cons i s t s  
o f   s ix   l aminae ,  numbered 1 through 6 f r o m   v e n t r a l   t o   d o r s a l   s u r f a c e .  Laminae 
1, 4 and 6 o f  each  nuc leus  r ece ive  op t i c  ne rve  f ibe r s  f rom the  nasa l  r e t ina  
o f  t he  con t r a l a t e ra l  eye  wh i l e  l aminae  2 ,  3 and 5 r ece ive  f ibe r s  f rom the  
i p s i l a t e r a l   t e m p o r a l   r e t i n a .   A g a i n ,   r e c e p t i v e   f i e l d s   o f   t h e   g e n i c u l a t e  
neurons  can  be mapped ( 4 ) .  
Visual   cor tex  - area 1 7 .  The neurons  of  the l a te ra l  genicu la te   nuc leus  
send   t he i r   axons   t o  area 1 7  of   the   v i sua l   cor tex .   Apparent ly   a l l   axons   f rom 
t h e   g e n i c u l a t e   n u c l e u s   e n t e r   t h e   v i s u a l   c o r t e x .  From a r e a  1 7 ,  t h e r e  are 
add i t iona l  f i be r s  wh ich  can  be  t r aced  to  ad jacen t  areas 18 and from there,  
t o  area 19 o f   t he   v i sua l   co r t ex .   These  are cons ide red   a s soc ia t ion  areas.  
From th is  po in t  onward ,  no d e f i n i t e  e v i d e n c e  f o r  t h e  c o u r s e  o f  f i b e r s  i n  t h e  
v i sua l   sys t em i s  a v a i l a b l e .  The v i s u a l  c o r t e x  h a s  a f u n c t i o n a l  a r c h i t e c t u r e  
and i t s  neurons have recept ive f ie lds  which are much mare s e l e c t i v e  i n  terms 
of   the   type   o f   s t imulus   necessary   to   evoke  a r e a c t i o n .  ( F o r  f u r t h e r  i n f o r -  
mation see re fe rence  5 . )  
"
I n  summary, it would  be o f  i n t e r e s t  t o  compare the arrangement  of  the 
a f f e ren t  po r t ion  o f  t he  v i sua l  sys t em wi th  the  a f f e ren t  po r t ion  o f  t he  sana to -  
sensory  system  which  subserves   touch.   Figure 3 . 1  d i a g r a m a t i c a l l y  i l l u s t r a t e s  
an  o lder  concept  of  some comparable way s t a t i o n s  f r o m  t h e  s e n s o r y  i n p u t  t o  
t h e  r e p r e s e n t a t i o n  i n  t h e  c o r t e x .  
Sensory Input - Pup i l  
When l i g h t  f a l l s  upon t h e  r e t i n a ,  n o t  o n l y  is  t h e r e  a v i sua l  ( s enso ry )  
impression,   but   an  addi t ional   (motor)   system i s  s t i m u l a t e d ,  t h e  p u p i l l a r y  
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Figure 3.1 A comparison  between  the  visual  system 
and somatosensory  system. 
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s y s t e m .  T h i s  s y s t e m  c o n t r o l s  t h e  s i z e  o f  t h e  p u p i l  w h i c h  r e g u l a t e s  t h e  t o t a l  
l uminous  f lux  en te r ing  the  eye .  It i s  no t  known whe the r  t he  op t i c  ne rve  
f ibe r s  subse rv ing  pup i l l a ry  changes  are i d e n t i c a l  w i t h  t h o s e  s u b s e r v i n g  
v i s u a l  f u n c t i o n .  I n  e i t h e r  case, the   rods  and  cones,   b ipolar  cel ls ,  and 
gangl ion cells  are a l l  p r e s e n t  i n  t h e  a f f e r e n t  p o r t i o n  o f  t h e  p u p i l l a r y  c o n -  
t r o l  s y s t e m .  T h e  p u p i l l a r y  a f f e r e n t  f i b e r s ,  e i t h e r  s e p a r a t e  f i b e r s  o r  c o l -  
laterals o f  t h e  v i s u a l  f i b e r s ;  l e a v e  t h e  o p t i c  t r a c t  j u s t  b e f o r e  t h e  v i s u a l  
f i b e r s  e n t e r  t h e  l a te ra l  gen icu la t e   nuc leus .  The p u p i l l a r y  a f f e r e n t  t ract  
s w i n g s   m e d i a l l y   a n d   e n d s   o n   t h e   p r e t e c t a l   n u c l e u s .   T h i s   n u c l e u s  i s  l o -  
c a t e d  c l o s e  t o  t h e  s u p e r i o r  c o l l i c u l u s .  I n  t h e  monkey, some o f  t he  pup i l -  
l a r y  f i b e r s  from t h e  p e r i p h e r y  o f  t h e  r e t i n a  e n d  i n  t h e  s u p e r i o r  c o l l i c u l u s  
b u t  f o r  a l l  p rac t i ca l  pu rposes ,  t he  pup i l l a ry  a€ fe ren t  p ro jec t ion  wh ich  i s  
most dense  f rom the  macula ,  ends  in  the  pre tec ta l  nuc leus  ( 6 ) .  
Sensory Input  - Vest ibular  System 
There i s  some ana tomica l  in format ion  f rom s tudies  in  monkeys on the 
connect ions  between  the  labyrinth  and  the  extraocular   muscles  ( 7 ,  8 ) .  The 
s e n s o r y  r e c e p t o r  c e l l s  o f  t h e  l a b y r i n t h  and i t s  c e l l  body (primary vestibu- 
l a r  neuron)  synapse  wi th  the  secondary  neuron  in  the  ves t ibu lar  nuc le i ,  o f  
which there  are f o u r  - namely  the  media l  ( t r iangular  nuc leus) ,  the  super ior  
( B e c h t e r e w ) ,  t h e  l a t e r a l  ( D e i t e r ) ,  and t h e  i n f e r i o r  n u c l e u s  ( s p i n a l  n u c l e u s  
o f  R o l l e r ) .  I n  man t h e r e  are no  impor tan t  accessory  ves t ibu lar  nuc le i  a l -  
though some c e l l s  are s c a t t e r e d  a l o n g  t h e  i n f e r i o r  n u c l e u s  and are considered 
of   importence  in  some mammals. S t i m u l a t i o n  o f  t h e  c r i s t a e  i n  t h e  l a b y r i n t h  
by  endolymph c u r r e n t s  a r t i f i c i a l l y  evoked i n  i n d i v i d u a l  semicircular c a n a l s  
h a s  i n d i c a t e d  t h a t  t h e  p o s t e r i o r  a m p u l l a  i s  connected with the i p s i l a t e ra l  
s u p e r i o r  o b l i q u e  and c o n t r a l a t e r a l  a n t e r i o r  r e c t u s  m u s c l e s ,  t h e  s u p e r i o r  
a m p u l l a  w i t h  t h e  i p s i l a t e r a l  s u p e r i o r  r e c t u s  and c o n t r a l a t e r a l  i n f e r i o r  
ob l ique  musc les ,  and  the  hor izonta l  ampul la  wi th  the  ips i la te ra l  media l  
and c o n t r a l a t e r a l  l a t e ra l  rectus   muscles   (Figure 3 . 2 ) .  These  connections 
may o c c u r  v i a  t h e  m e d i a l  l o n g i t u d i n a l  f a s c i c u l u s .  However t h e r e  i s  some 
sugges t ion  tha t  t hese  connec t ions  may proceed by pathways other than this 
f i be r  bund le .  A s  no ted  in  F igu re  3 . 2 ,  l e s i o n s  i n  t h e  v e s t i b u l a r  n u c l e u s  
r e su l t  i n  degene ra t ion  o f  t e rmina l  synap t i c  end ings  o f  t he  axon  f rom the  
v e s t i b u l a r  n u c l e u s  i n  t h e  p o s t e r i o r  t h i r d  and m e d i a l  p o r t i o n  o f  t h e  t h i r d  
nerve  nucleus.   This  i s  determined  using  the  Nauta   method.   In   addi t ion 
t h e r e  are o t h e r  p a t h w a y s ,  f i r s t  d e s c r i b e d  by  Lorente  de No (9), which 
t r a v e r s e  t h e  r e t i c u l a r  f o r m a t i o n  and are una f fec t ed  by t r a n s e c t i o n  o f  t h e  
m e d i a l   l o n g i t u d i n a l   f a s c i c u l u s .   J u s t  as t h e r e  are two s e n s o r y   i n p u t s   t o  
t h e  v e s t i b u l a r  n u c l e i ,  t h e r e  are two types of  nerve endings on the neurons 
in  the  ocu lomoto r  nuc leus .  The l a rge  type  A s y n a p t i c  t e r m i n a l s  are thought 
t o  be long  to  the  secondary  ves t ibu la r  neu rons  coming d i r e c t l y  f rom the ves-  
t i b u l a r  n u c l e i ,  w h i l e  t h e  f i n e r  t y p e  B synap t i c  t e rmina l s  appea r  t o  come 
f r o m   t h o s e   f i b e r s   t r a v e r s i n g   t h e   r e t i c u l a r   f o r m a t i o n .   I n   a d d i t i o n ,   t h e r e  
may be  an  ind i rec t  pa thway f rom the  ves t ibu lar  nuc leus  v ia  the  media l  
l o n g i t u d i n a l   f a s c i c u l u s   a n d   t h e   i n t e r s t i t i a l   n u c l e u s   o f  Cajal. Some f i b e r s  
o f  t h e  v e s t i b u l a r  n e r v e  d o  n o t  e n t e r  t h e  v e s t i b u l a r  n u c l e i ,  b u t  b y p a s s  t h e  
n u c l e i  and  go d i r e c t l y  t o  t h e  c e r e b e l l u m ,  t o  t h e  r e g i o n  o f  t h e  s o l i t a r y  
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Figure 3.2 Illustrative  pathways  from  ampullae  of 
semicircular  canals to oculomotor  nucleus. 
Vestibular 
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I11 N nucleus 
Medial Portion 
t r ac t  and i t s  nuc leus ,  t o  t he  do r sa l  mo to r  nuc leus  o f  t he  vagus ,  and t o  
t h e  d o r s a l  lateral  r eg ion  of the  medu l l a ry  r e t i cu la r  fo rma t ion  (F ig .  3 . 3 ) .  
No p r i m a r y  v e s t i b u l a r  f i b e r s  e n t e r  t h e  m e d i a l  l o n g i t u d i n a l  f a s c i c u l u s .  
I n  a d d i t i o n ,  t h e r e  i s  a l a rge  a f f e ren t  i n f low,which  is thought  to  be  
of an  inh ib i to ry  type ,  i n to  the  ves t ibu la r  nuc le i  f rom the  ce rebe l lum.  
It is o f  i n t e r e s t  t h a t  t h e  r e t i c u l a r  f o r m a t i o n  p r o v i d e s  a n  i n t e r n u n c i a l  
" re lay"  not  on ly  for  the  conduct ion  of  ves t ibu loocular  impulses  but  
a l so  impulses  f rom audi tory  and somat i c  s enso ry  s t ruc tu res .  
Sensory Input  - Optok ine t i c  Nystagmus 
The normal optokinetic nystagmus cycle i s  a ve ry  complex process. 
S ince  f ixa t ion  i s  necessary  for  op tokine t ic  nys tagmus ,  some i f  n o t  a l l  
o f  t h e  a f f e r e n t  v i s u a l  t racts  must  be i n t a c t .  
Sensory Input - Convergence 
Convergence occurs when the  op t i c  axes  o f  t he  two eyes are a l igned  
on some re l a t ive ly  nea r  po in t .  Con t rac t ion  o f  bo th  med ia l  r ec tus  musc le s  
b r i n g s   a b o u t   t h i s  movement.  However, t he  movement upon convergence   d i f fe rs  
somewhat f rom adduct ion  of  e i ther  eye .  Not only i s  the  adduct ive  
amplitude less for  convergence  than  for  conjugate  movements, bu t  
convergence  induces  an  assoc ia ted  in tor t ion  whereas  conjugate  movements 
cause  an  extor t ion  of   the  adduct ing  eye.   In   addi t ion,   convergence 
u s u a l l y  o c c u r s  i n  c o n j u n c t i o n  w i t h  accommodation and p u p i l l a r y  c o n s t r i c t i o n  
( " t h e   n e a r   p o i n t   t r i a d " ) .  However, t hese  components are mutually  indepen- 
dent  t o  t h e  e x t e n t  t h a t  i f  f o r  a n y  r e a s o n ,  o n e  component is  prevented 
from ac t ing ,   the   o thers   ac t   independent ly .   S ince   convergence   depends  
upon a l i g n i n g  t h e  o p t i c  axes of  the two eyes on some r e l a t i v e l y  n e a r  
p o i n t ,  t h e  a f f e r e n t  l i m b  i s  a p p a r e n t l y  i d e n t i c a l  t o  t h a t  f o r  v i s i o n .  
Sensory  Input - Compensatory Movements 
Compensatory eye movements can bes t  be  demonst ra ted  in  the  normal  
s u b j e c t  by t i l t i n g  t h e  h e a d  t o  o n e  s h o u l d e r .  D u r i n g  t h i s  m a n e u v e r ,  t h e r e  
i s  a pa r t i a l ly  compensa to ry  ro l l i ng  o f  t he  eyes  wh ich  does  no t  occur  
i f  t h e  l a b y r i n t h  i s  f i r s t  d e s t r o y e d .  T h e r e  i s  no   vo luntary   cont ro l  
of   th i s   compensa t ing   eye  movement.  The e f f e c t  o f  t h e  l a b y r i n t h i n e  
s t imu l i  on  ma in ta in ing  the  pos i t i on  o f  t he  eyes  can  a l so  be  demons t r a t ed  
i n  man u n d e r  c e r t a i n  p a t h o l o g i c a l  c o n d i t i o n s  i n  w h i c h  v o l i t i o n a l  and 
f i x a t i o n a l   r e f l e x e s  are abol i shed .  Under these   cond i t ions ,   t he   eyes  
t u r n  downward when the head is r o t a t e d  backward and upward when i t  is 
ro t a t ed  fo rward ,  an  ac t ion  wh ich  has  been  l i kened  to  tha t  of a mechanical 
d o l l ' s   e y e  (10). The s e n s o r y   i n p u t   f o r   t h i s  is  from t h e   l a b y r i n t h   t o  
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Figure 3.3 Bulbar  cross-section at level of VI11 N . 
Note  abundant  vestibulo-reticular  connections. 
MW - medial  reticular  formation 
LXF - lateral  reticular  formation 
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the  vest ibular  nerve.  Whether  the sensory pathway i s  i d e n t i c a l  w i t h  
tha t  o f  t he  s low component of  ves t ibu lar  nys tagmus  i s  n o t  known. 
Sensory Input - Propr iocep t ion  
It is now general ly  accepted that  the extraocular  muscles  have a 
wel l -deve loped  propr iocept ive  s t re tch  re f lex  sys tem inc luding  musc le  
s p i n d l e s  w i t h  l a r g e  s i z e d  a f f e r e n t  n e r v e s  r u n n i n g  i n  t h e  t h i r d ,  f o u r t h  
and s i x t h  c r a n i a l  n e r v e s  t o  t h e  b r a i n  stem (11, 12) .  The a f f e r e n t  
f ibers  leave  the  oculomotor  nerves  and en ter  the  ophtha lmic  branch  of  
t h e  f i f t h  c r a n i a l  n e r v e ,  e n d i n g  i n  t h e  r e g i o n  o f  t h e  m e s e n c e p h a l i c  n u c l e u s  
o f  t h e  f i f t h  c r a n i a l  n e r v e .  The sensory  input  has  not  been  t raced  pas t  
t h i s  p o i n t .  It may be  worthwhile  to s ta te  a t  t h i s  p o i n t  t h a t  t h e  
arguments  concerning lack of  posi t ion sense on the pa r t  of the eye have 
no bear ing  on  the  presence  of  a p r o p r i o c e p t i v e  s t r e t c h  r e f l e x  s y s t e m  i n  
eye  muscles .   Posi t ion  sense i s  mediated  through  joint   receptors   and i s  
represented   in   the   cerebrum.   Propr iocept ive   impulses  are represented 
only as high as the  thalamus and  do not   reach  the  cerebrum. They are 
notapprec ia ted   consc ious ly .  The eye  has no j o i n t  r e c e p t o r s ,  and t h e r e  i s  
no consc ious  pos i t ion  sense  ( for  rev iew of  th i s  problem,  see r e f .  1 3 ) .  
MOTOR OUTPUT FOR EYE M3VEMENTS 
Although there i s  abundan t  c l in i ca l  i n fo rma t ion  unve r i f i ed  by 
pa tho log ica l  ve r i f i ca t ion ,  t he  ocu lomoto r  pa thways  w i l l  be i n t e r p r e t e d  
i n  t h i s  r e p o r t  o n l y  from anatomical  and physiological  experiments  in  monkeys 
and t h e  o c c a s i o n a l  c l i n i c a l  c a s e  w i t h  p a t h o l o g i c a l  v e r i f i c a t i o n .  Electr ical  
s t imula t ion  over  approximate ly  34% of  the  convexi ty  of  the  cerebra l  
hemispheres   resu l t s   in   the   occur rence   o f   eye  and  head  movements.  Approxi- 
mately 38% of  the  cerebra l  hemispheres  as shown by s t i m u l a t i o n  are r e l a t e d  
t o  movements of  hand, arm and  shoulder. The f r o n t a l  and o c c i p i t a l  e y e  
f i e lds  do  no t  appea r  t o  be  as w e l l  d e l i n e a t e d  as previously considered (14). 
On the  con t r a ry ,  eye  movements appea r  t o  be d i f f u s e l y  r e p r e s e n t e d  i n  t h e  
cerebral   hemispheres .  The r a t i o n a l e  f o r  t h i s  w i d e s p r e a d  r e p r e s e n t a t i o n  
may b e  r e l a t e d  t o  t h e  f a c t  t h a t  e y e  movements r e p r e s e n t  a n  i n t e g r a l  p a r t  
of some sensory  func t ions  such  as v i s u a l  o r  a u d i t o r y  f u n c t i o n s ,  i n  t h a t  
they  provide  a more e f f i c i e n t  s e n s o r y  i n p u t  by d i r e c t i n g  t h e  e y e s  and 
head t o  t h e  a p p r o p r i a t e  l o c a t i o n .  Eye  movements o f t e n  are d i r e c t e d  
towards  tha t  por t ion  of  the  ex t remi ty  which  i s  s t imu la t ed  and appear t o  
p l a y  a r o l e  i n  o t h e r  b e h a v i o r a l  f u n c t i o n s  s u c h  as a r o u s a l  t o  s e n s o r y  
r e a c t i o n  and o r i e n t a t i o n  r e a c t i o n .  
The out f low of  f ibers  f rom the  cerebra l  hemispheres  to  bra in  stem 
a p p e a r s  t o  r e m a i n  q u i t e  s e p a r a t e  o n  t h w a y  t o  t h e  o c u l o m o t o r  n u c l e i .  T h i s  
i s  demonstrated as f o l l o w s :  i f  a small l e s i o n  is made i n  t h e  p o n t i n e  
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r e t i c u l a r   f o r m a t i o n ,   t h e r e  i s  a n  i p s i l a t e r a l  p a r e s i s  o f  g a z e .  On 
s t i m u l a t i n g  t h e  c o n t r a l a t e r a l  a r c u a t e  c o r t e x ,  t h e  t h r e s h o l d  f o r  e y e  a n d  
head  movements is g r e a t l y   i n c r e a s e d .  However, t h e   t h r e s h o l d   s t i m u l a t i o n  
i n  t h e  c o n t r a l a t e r a l  o c c i p i t a l  c o r t e x  n e a r b y  i s  i n c r e a s e d  t o  a smaller 
ex ten t .  Th i s  would  suggest   that   the   separat ion  of   pathways  f rom  the 
two c e r e b r a l  areas t o  t h e  b r a i n  stem are main ta ined  qui te  caudal ly  on  
t h e i r  way t o  t h e  f i n a l  common pathway (14). From t h e  e f f e c t s  o f  s t i m u l a -  
t i o n  and p roduc t ion  o f  l e s ions ,  t he re  i s  a l a r g e  p o r t i o n  o f  t h e  b r a i n  
tha t  appea r s  t o  be  invo lved  in  the  p roduc t ion  o f  eye  movements. Besides 
t h e  w i d e  r e p r e s e n t a t i o n  i n  t h e  c o r t e x  and subcor tex ,  the  oculomotor  
pathway can be found t o  p a s s  t h e  r e g i o n s  m e d i a l  t o  t h e  i n t e r n a l  c a p s u l e  
such as t h e  f i e l d s  o f  F o r e l ,  t h e  z o n a  i n s e r t a ,  and the  median  thalamus. 
The pathways  then  converge a t  the  leve l  of  the  pre tec tum and become 
c o n c e n t r a t e d  i n  t h e  tegmentum o f  t h e  b r a i n  stem. I n  g e n e r a l ,  t h e  o c u l o -  
motor pathway i s  s i t u a t e d  m e d i a l l y  t o  t h e  i n t e r n a l  c a p s u l e  e x c e p t  i n  
i t s  most r o s t r a l  p o r t i o n  w h e r e  f i b e r s  from t h e  f r o n t a l  l o b e s  are l o c a t e d .  
In  the  pre tec tum the  pa thway i s  be t t e r  de f ined  in  the  pa ramed ian  zones  
which are f i r s t  l o c a t e d  l a t e r a l l y  t h e n  v e n t r a l l y  t o  t h e  m e d i a l  l o n g i -  
t u d i n a l  f a s c i c u l u s .  A t  t h e  l e v e l  o f  t h e  t h i r d  t o  f o u r t h  n e r v e  n u c l e i ,  
the   pathway  appears   to   decussate .   After   the   decussat ion,   which  in  a l l  
p r o b a b i l i t y  i s  incomplete,  the pathway can be traced down t o  t h e  l e v e l  
of   the   paramedian   re t icu lar   format ion   on   the   pont ine  tegmentum. The 
descending pathway i s  s i t u a t e d  on  both  s ides  of  the  tegmentum,  vent ra l  to  
the  median  longitudinal  fasciculus.   Although  the  oculomotor  pathway  does 
no t  run  th rough  the  ves t ibu la r  nuc le i ,  t he re  i s  no doubt  that  a s u b s t a n t i a l  
con t r ibu t ion  f rom the  ves t ibu la r  nuc le i  i s  made to  the  p r inc ipa l  ocu lomoto r  
pathways (15). Al though  the   media l   ongi tudina l   fasc icu lus  i s  involved 
i n  movement of   the   eyes ,  i t  has no e f f ec t   on   con juga te   eye  movements. A 
l e s ion  in  the  med ia l  l ong i tud ina l  f a sc i cu lus  on ly  e f f ec t s  adduc t ion  o f  t h e  
i p s i l a t e r a l  e y e .  
Motor Outflow - Visua l  
It i s  impor t an t  t o  keep  in  mind t h a t  d u r i n g  t r a c k i n g  and saccad ic  move- 
ments ,  the movement of eyes i s  be ing  in f luenced  no t  on ly  by  v i sua l  s t imu l i  
bu t  by o the r  s enso ry  in fo rma t ion  a s soc ia t ed  wi th  the  v i sua l  s t imu l i ,  such  
as s p a c i a l  and depth  percept ion.   Al though  there  i s  no experimental   evidence 
bea r ing  upon t h i s ,  i t  i s  assumed t h a t  t h e  o c c i p i t a l  c o r t e x  is  invo lved  in  
t h e  movements of  eyes  induced by visual  s t imuli  while  fol lowing a moving 
o b j e c t  and o t h e r  r e f l e x  v i s u a l  movements.  These are r e f e r r e d  t o  as p u r s u i t  
movements  and appear  smooth (16). It i s  o f  i n t e r e s t  t h a t  a t  two t o  t h r e e  
weeks of  age,  an infant  turns  i t s  e y e s  t o  a f f i x  a n  o b j e c t  w h i c h  a t t r a c t s  
i t s  a t t e n t i o n ,  b u t  makes  no  smooth fol lowing movements u n t i l  t h r e e  t o  f i v e  
months of age, suggesting a sepa ra t ion  o f  t hese  func t ions .  
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Motor  Outflow - Pupil 
Motor  fibers  from  the  pretectal  nuclei  proceed  with  or  without  decus- 
sation  through  the  posteri0.r  commissure  to  the  collection  of  cells  marking 
the  Edinger-Westphal  nucleus  at  the.rostra1 end of  the  third  nerve  nucleus 
complex.  The  axons  leave  this  nucleus  to  synapse in the  ciliary  ganglion. 
From  this  ganglion,  a  small  number of fibers  connect  with  the  iris.  Most 
of the  parasympathetic  nerve  fibers  innervate  the  ciliary  mus'cle. 
Motor  Outflow - Vestibular  System 
Information on the  anatomy  of  the  vestibular  system  is  limited  to  the 
material  mentioned in the  vestibular inpt section . There  is  no  anatomical 
evidence  to  indicate  specific  pathways  for  the slow and  fast  phase  of 
vestibular  nystagmus. 
Motor  Outflow - Optokinetic  Nystagmus 
Optokinetic  nystagmus  appears  to  be  served  by  a  minimum  of  three  neural 
arcs.  The  fixation  reflex  necessitates  the  integrity  of  at  least  part  of 
the  visual  sensory  input.  The  slow  phase  or  following  reflex,  is  thought 
to  involve  the  occipital  cortex,  while  the  corrective  reflex,  or  fast  phase 
is  thought  to  be  related  to  voluntary  gaze  and  hence  would be mediated  via 
the  frontal  lobe.  There  is  no  experimental  evidence  to  support  any  of  these 
assumptions.  The  oculomotor  outflow  probably  follows the pathways  as  pre- 
viously  described. It is  interesting  to  note  that  although  optokinetic 
nystagmus  apparently  can  exist  in  the  absence  of  vestibular  nystagmus,  there 
is  some  suggestion  that  the  fast  phase  of  each  share  the same pathways. 
Despite  frequent  literature  references,  the  superior  colliculus  is  not nec- 
essary  for  normal  optokinetic  nystagmus in monkey, or, presumably in man. 
There  is  evidence  that  the  pathway  mediating  vestibular  nystagmus  may 
in part  be  different  from  that  mediating  optokinetic  nystagmus (17). The 
evidence  that  optokinetic  nystagmus  is  not  mediated  through  the  vestibular 
nuclei  depends  upon  the  pathological  observations  that  degeneration  in  peri- 
pheral  vestibular  neurons  and  the  vestibular  nuclei in the  brain  stem sec- 
ondary  to  severe  streptomycin  intoxication  causes  an  absence  of  vestibular 
nystagmus  but  permits  a  normal  retention  of  optokinetic  nystagmus.  There 
are  other  experimental  conditions in which  optokinetic  nystagmus  and  vesti- 
bular  nystagmus  are  not  associated.  Following  removal  of  the  occipital 
lobes  bilaterally  in  monkeys,  the  optokinetic  nystagmus  is  abolished. How- 
ever,  vestibular  nystagmus  in  these  animals,  although  not  completely  normal, 
is  present  but  in  a  somewhat  lesser  frequency  and  greater  amplitude  and 
duration. It is  interesting  to  note  that  vestibular  nystagmus  in  the  normal 
mcnkey  also  shows  these  alterations  when  testing  is  performed  in  darkness. 
- Motor  Outflows - Convergence 
The  oculomotor  pathways  discussed  above  probably  mediate  convergence, 
the  only  qualification  being  that  bilateral  stimuli  appear  necessary. 
- Motor  Outflow - Compensatory Eye Movements 
Compensatory  eye  movements  are  more  clearly  seen  in  rabbit  than  in 
primate  and  man.  The  'ldoll's  head  movements"  seen  clinically  appear  to 
represent  the  unmasking  of  compensatory  eye  movements  in  the  presence  of 
lesions  higher  than  the  brain  stem.  With loss of voluntary  gaze  upwards 
or  downwards,  passive  extension  or  flexion  of  the  head  will  result  in  the 
eyes  turning  upward  and  downward  involuntarily.  The  passive  movement  of 
the  head  induces  a  vestibulogenic  deviation of the  eyes  in  the  direction 
opposite  to  that  of  intended  gaze.  These  doll's  head  movements  are  absent 
with  involvement  of  the  vestibular  nuclei.  The  motor  component  has  not 
been  investigated. 
Motor  Output - Proprioception 
Experiments  in  goats  have  indicated  that  stimulation  of  muscle  spindles 
via  the  gamma  efferent  nerves  increases  the  sensitivity of the  eye  muscles 
to  stretch  sevenfold (18). Although  the  role  of  proprioception  in  eye 
muscles  seems  to  be  redundant,  the  visual  input  being  the  main  source of 
sensory  information  concerning  eye  positions,  for  reasons  previously  stated, 
proprioception  is not concerned  with  position  sense  in  eye  muscle  or  peri- 
pheral  muscle.  It  is  known  that  during  foveal  fixation  in  the  human,  there 
is  a  continuous  micronystagmus. If this  micronystagmus  is  eliminated  and 
the  image  of  regard  stabilized  upon  the  retina,  the  visual  detail  decreases, 
rapidly  resulting  in a loss of contrast  in  the  visual  field  and  a  marked 
decrease  in  visual  acuity  after a few  seconds.  During  fixation,  the  sensi- 
tivity  of  the  extraocular  muscle  to  stretch  is  increased  by  stimulation  of 
the  muscle  spindles.  This  would  permit  reflex  control  of  the  fine  movements 
during  fixation  rather  than  providing  information  about  the  position f he 
eyes  in  the  head. 
Summary 
Visual  tracking,  vestibular  nystagmus,  optokinetic  nystagmus,  and  con- 
vergence all appear  to  be  extremely  complex  systems  involving  many  pathways 
mediating  the  eye  movements. 
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Due  to  species  differences,  experimental  data  from  subhuman  species 
should  be  regarded  with  caution when being  applied  to  man.  If  alternate 
white  and  black  stripes  are  moved in front  of  many  mamnals,  there  is  a  res- 
ponse  to  the  movement.  Even  the  common  house  fly  will  move in a  direction 
determined  by  the  movement  of  the  stripes.  Thls  might  be  considered  a  prim- 
itive  optokinetic  nystagmus.  Caution  must  be  exercised in interpreting  the 
lack of effect  of  large  ablations of occipital  cerebral  hemisphere on the 
optokinetic  nystagmus in monkeys.  There  is  much  clinical  evidence  to  suggest 
that  there  would  be  an  effect  in  the  case  of  the  human. 
Compensatory  eye  movements  appear  to  be  little-used in  man,  being  phylo- 
genetically  an  old  system. It is  possible that. these  eye  movements  do  not 
make  use  of  the  same  pathways  shared  by  visual  tracking,  optokinetic  nystag- 
mus, or vestibular  nystagmus.  However,  there  is  no  evidence on this  point. 
Finally  the  pupillary  system  is  quite  separate  from  the  previous sys- 
tems  discussed  in  as  much  as  there  is  a  synergy  with  convergence  and  accom- 
modation.  Proprioception  has  been  discussed  to  raise  once  more  the  question 
of  its  functional  significance.  Figure 3 . 4  summarizes  the  information. 
LOCATION  OF THE INTERMITTENCY  OPERATOR 
The  intermittency  operator  has  been  described n visual  tracking, ves- 
tibular  nystagmus,  and  optokinetic  nystagmus.  There  are  two  levels  in  which 
one  can  contemplate  a  site  of  integrative  action  to  justify  the  presence  of 
an  intermittency  operator:  the  cerebral  cortex  and  the  brain  stem.  Although 
the  cortex  does  not  appear  essential  for  vestibular  and  optokinetic  nystagmus 
in monkey,  this  is  not  true  for  man.  However,  the  cerebral  hemispheres  may 
be  ruled  out on the  basis  of  there  being so many  separate  oculomotor  pathways 
coming  from  different  areas  of  the  cortex.  There  does  not  seem  to  be  any 
convergence  of  these  pathways  until  they  reach  the  brain  stem,  Within  the 
brain  stem  there  appear  two  possibilities:  the  vestibular  nuclei  and  the 
reticular  formation.  The  vestibular  nuclei  appear  quite  attractive  as  a 
site  for  the  .intermittency  operator.  There  is  no  doubt  that  these  nuclei 
have  a  very  important  role in the  control  of  eye  movements.  However,  there 
are  two  pieces  of  information  which  would  suggest  that  the  intermittency 
operator  is  located  elsewhere.  Optokinetic  nystagmus  which  does  demonstrate 
the  presence of an  intermittency  operator  does  not  appear  to  be  mediated 
through  the  vestibular  nuclei. On the  other  hand,  compensatory  eye  move- 
ments  which  are  thought  to  be  vestibulogenic  in  nature  and  presumably  are 
mediated  through  vestibular  nuclei  do  not  demonstrate  the  presence  of  an 
intermittency  operator. 
It appears  that  there  is  a  convergence  of  oculomotor  pathways  as one 
reaches  the  pons  especially in the  paramedian  zone  through  the  pontine  teg- 
mentum.  The  intermittency  operator  has  been  described  in  responses  (visual 
tracking,  vestibular  nystagmus,  and  optokinetic  nystagmus)  which  probably 
use  these  pathways.  One  might  also  assume  that  convergent  eye  movements 
Figure 3 . 4  Anatomic  scheme  for ocxlomotor  pathways 
influencing  eye  movement. 
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would use  these  same pathways. However t h e r e  d o e s  n o t  a p p e a r  t o  b e  a n  i n t e r -  
mi t tency  opera tor  in  the  convergence  mechanism. 
Compensatory eye movements may be  cons idered  to  be  a less complex path- 
way from the  ves t ibu la r  nuc le i  d i r ec t ly  to  ocu lomoto r  nuc le i ,  pe rhaps  th rough  
the  media l  longi tudina l  fasc icu lus .  It wou ld  be  o f  i n t e re s t  t o  exp lo re  the  
convergence mechanisms further and obtain additional data on whether the 
in t e rmi t t ency  ope ra to r  i s  i n  f a c t  a b s e n t  u n d e r  a l l  experimental  condi t ions.  
The re t icu lar  format ion  has  been  impl ica ted  as a n  i n t e g r a t i v e  p o r t i o n  
of  the central  nervous system in which audi tory,  somatosensory,  visual  and 
p ropr iocep t ive   s t imu l i   can  come toge ther .   Exper iments   des igned   to   inves t i -  
g a t e  t h e s e  p o s s i b i l i t i e s  would be  des i r ab le .  
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